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Chapter 1   Introduction 
 
1.1   Why is solar energy essential? 
 
Energy is essential for our daily life and the development of human society.  To solve 
the global issues of the 21st century, such as human security, sustainable development, poverty, 
and climate change, improving existing energy systems is necessary.  According to the 
International Energy Outlook 2013 published by the U.S. Energy Information Administration [1], 
the world’s energy consumption in 2040 is projected to increase by 56 % because of the economic 
growth and an increase in population, especially in developing countries (Figure 1.1).  In terms 
of energy sources, humans relied on muscular or traditional biomass energies until the Industrial 
Revolution in the 18th century.  Since then, fossil fuels, such as coal, oil, and natural gases, have 
been the main energy sources.  According to Key World Energy Statistics 2017, published by 
the International Energy Agency, approximately 82 % of the TPES in 2015 was from fossil fuels 
[2].  Although humans have received several benefits from the energies provided by fossil-fuel-
associated energies, this heavy dependence on fossil fuels has caused many problems.  For 
example, emission of greenhouse gases, especially carbon dioxide (CO2), from burning fossil 
fuels is the primary reason for the global warming.  Moreover, the burning of fossil fuels 
produces gases that pollute ecosystems.  In addition to these environmental issues, the stock of 
fossil fuels is diminishing.  
Nuclear energy, which was expected to be a promising source of clean energy, has 
several the risks, as evident from the incidences that occurred at the Three Mile Island nuclear 
generating station in the U.S., the Chernobyl nuclear power plant in Ukraine and the Fukushima 
daiichi nuclear plant in Japan.  Even now, after almost six years since the disaster in Fukushima, 
the restoration has not yet been completed, and many people have been lost their homes.  To 
ensure a bright future, it is necessary to develop the technology that can utilize clean, safe, 
renewable, and carbon-free sources of energy, such as solar, wind, geothermal, and marine 
energies.  
Solar energy is the one of the most abundantly available sources of renewable energy.  
The solar irradiation reaching the surface of the Earth is estimated to be approximately 3.9 million 
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EJ/year [3].  However, not all of this energy is utilized because of cloud coverage, geometric 
limitation, land-use restrictions, and other complications.  Estimates of the available solar energy 
ranges from roughly 62,000 to 280,000 EJ/year [3].  The TPES in 2015 was approximately 570 
EJ [2]; it indicates that utilizing few percent of the available solar energy into usable energy would 
meet current energy demands.  Electricity generation using solar cells is the most popular 
method of utilizing solar energies.  The first solar cell was invented at Bell Telephone Laboratory 
in 1954.  It was based on the use of silicon semiconductors with a p-n junctions [4].  
Subsequent development of silicon solar cells continued, and now solar cells with a PCE of 
26.3 % at the laboratory level have been reported [5].  Other inorganic solar cells, such as Ⅲ-Ⅴ 
type solar cells (GaAs solar cells, etc.) and CIGS solar cells have also been developed, but silicon 
solar cells are the most common type, with an occupancy rate of 90 % [6].  As the development 
of solar cells has progressed, the installations of solar cells have grown dramatically in recent 
years.  However, solar cells provided only 1.5 % of the total electric power supply in 2017. 
(Figure 1.2) [7].  The cost of the most commonly used solar cells is higher than that of using 
fossil fuel, and the availability of places where solar cells can be installed is limited.  If these 
challenges are not addressed, the introduction and use of solar cells will be limited. 
 
1.2   OSCs 
 
OSCs have attracted a great deal of attention as a substitute for silicon solar cells.  
OSCs are solar cells that are composed of active layers of organic materials.  OSCs can be 
applied to manufacturing process that are used in large areas at low temperatures, such as the roll-
to-roll or inkjet process [8].  Therefore, OSCs can be manufactured at a much lower cost than 
inorganic solar cells [9].  OSCs also have the advantages of being lighter, more flexible, and 
more aesthetically pleasing, in comparison with silicon solar cells.  For these reasons, OSCs are 
expected to be used as a power source for off grid and as portable and wearable devices, and 
integrated with buildings [10,11].  Despite having advantages over other types of solar cells, 
OSCs have not yet been commercialized.  This is because OSCs have low PCE.  The PCE of 
conventional silicon solar cells are approximately 15‒20 %, but the highest PCE of OSCs are only 
approximately 13 %, even at the laboratory level [13].  Thus, to commercialize OSCs, the PCE 
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of OSCs must be improved. 
In recent years, perovskite solar cells, which can be applied to low-cost productions and 
are light-weight and flexible solar cells, have been developed.  Perovskite solar cells having 
PCEs higher than 20 % of PCE have been reported [12].  However, perovskite materials, which 
are used for absorber materials in this type of solar cells, contains lead.  Thus, its toxicity makes 
commercialization of perovskite solar cells difficult.  Also, there are limitations on the types of 
absorber materials used in perovskite solar cells, so it is difficult to create solar cells with diverse 
characteristics.  The methods of synthesis of organic semiconductors used for OSCs have a long 
history and has been well-refined.  Therefore, it is possible to easily create materials that are free 
of harmful materials and that have diverse properties. 
 
1.3   History of OSCs  
 
This section describes the brief history of OSCs to provide an overview of the research 
on OSCs.  Development of OSCs began in the 1950s.  At the time, the structure of OSCs was 
a single-layer device in which an organic semiconductor film was sandwiched between metal 
electrodes with different work functions (Figure 1.3a).  In these OSCs, the driving force was 
only the built-in potential from the difference in work function between the electrodes or the 
Schottky potential barrier at the organic/metal interface.  The PCE of this device was 
significantly low, as it was less than 0.5 % [14].  After that, C.W. Tang developed a breakthrough 
in OSCs in 1986 [15] with his report that PCE of approximately 1 % can be achieved with a two-
layer OSC, in which phthalocyanine, a p-type organic semiconductor, and perylene derivative, an 
n-type semiconductor, were stacked (Figure 1.3b).  His report showed that the interface of the 
molecules was essential for the generation of charges in OSCs and had a significant influence on 
the improvement of performance of OSCs.  In 1991, Hiramoto et al. reported that the use of p-
i-n type OSC, in which a mixed film with p-type and n-type organic semiconductors formed by 
the co-deposition method was sandwiched between a p-layer and an n-layer improved PCE [16]. 
This type of mixed film, with p-type and n-type organic semiconductors, is called a BHJ film 
(Figure 1.3c).  In 1995, a BHJ OSC with PPV, a p-type polymer semiconductor, and a fullerene 
derivative, an n-type organic semiconductor, was reported to have a PCE of approximately 3 % 
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[17].  These improvements in PCE were attributed to an increase in the junction interface that is 
essential for charge generation.  The BHJ is not a structure that is commonly used in inorganic 
devices, which indicates that the working mechanism of OSC is substantially different from that 
of inorganic solar cells.  Since then, the fundamental mechanism of OSCs has been elucidated, 
new materials and fabrication technology have been developed, and as of now, the PCE of OSCs 
has improved to 13 % [13]. 
 
1.4   Working mechanism of OSCs 
 
As mentioned in the previous section, the working mechanism of OSCs is different from 
that of inorganic solar cells.  This is because of the differences in the properties of excitons, 
which are the electron-hole pairs bound by Coulomb interaction generated by light irradiation.  
The exciton binding energy (Eb) is expressed by Equation (1.1) [18], 
 
2
b
04π r
e
E
rε ε
=     (1.1) 
 
where e is the elementary charge, εr is the dielectric constant of the material, ε0 is the permittivity 
of a vacuum, and r is the distance between the electron and hole.  The dielectric constant of an 
organic semiconductor is 2‒4.  This value is comparatively smaller than that of an inorganic 
semiconductor (10‒15) [19].  Therefore, the excitons formed in an organic semiconductor are 
strongly bounded, and the dissociation into free carriers does not occur with thermal energy at 
room temperature.   
This section focuses on the interface of the BHJ film and explains the photoelectric 
conversion mechanism.  The schematic image of the working mechanism is shown in Figure 
1.4a.  Excitons are generated by light irradiation and are diffused to the donor/acceptor interface.  
Although the origin of this diffusion is still the subject of discussion, this diffusion length is only 
approximately 10 nm [20].  At this interface, excitons dissociate into free carriers.  Then, the 
free carriers transfer to the electrodes through the built-in electric field due to the difference in 
work function between the electrodes or through diffusion, finally, the current flows to an external 
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circuit through the electrodes.  These processes can be explained using energy diagrams (Figure 
1.4b).  By irradiation of light, electrons of the HOMO are excited to the LUMO, and excitons 
are generated.  The excitons diffuse to the interface and dissociate into free carriers by the 
driving force between the LUMO of a donor and the LUMO of an acceptor.  Then, holes and 
electrons transport to the substrates. 
To improve the PCE, it is important that many excitons are generated and reach the 
interfaces, and free carriers reach the electrodes without recombination.  To generate more 
excitons, it is necessary to absorb more light from the Sun.  Therefore, the thickness of the active 
layer must be increased.  In addition, to dissociate the exciton efficiently, the interfaces should 
fall within the range of the exciton diffusion length.  By formation of a BHJ structure, the 
absorption efficiency and the exciton dissociation efficiency can be increased simultaneously, thus 
leading to an improvement in the PCE.  On the other hand, in the BHJ film, it is difficult to form 
continuous paths of carriers.  In this case, the discontinuous region becomes a factor of 
recombination, and the PCE decreases.  Therefore, the ideal structure is an interpenetrating film 
that has continuous paths in donor and acceptor regions as well as an interface at the nanoscale 
[21,22] (Figure 1.3d).  However, there has been no reports supporting the successful formation 
of interpenetrating structure.  
 
1.5   Characterization of OSCs 
 
The performance of OSCs is characterized by a current‒voltage curve.  A current‒
voltage curve is measured when the OSC which is connected to a measuring instrument is 
irradiated with simulated sunlight, the voltage between the electrodes is swept, and the current 
value generated at that time is measured.  The simulated sunlight often uses a light source similar 
to the solar spectrum using an AM 1.5 G filter.  AM is the amount of air that sunlight passes 
through before reaches the surface of the Earth.  AM 0 is the amount of light outside the 
atmosphere, and AM 1 is the amount of light received on the ground surface when it is 
perpendicular to the incident angle of light.  AM 1.5 is the light that passes through an air layer 
1.5 times longer than AM 1, and the light quantity at the sun altitude is 41.8°.  Figure 1.5 shows 
the solar spectra of AM 1.5.  AM 1.5 G is a correction of direct light and scattered light to AM 
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1.5 [23].  
The typical current density‒voltage (J‒V) curve is shown in Figure 1.6.  Key 
parameters for evaluation are short current density (JSC), open circuit voltage (VOC), fill factor 
(FF) and PCE (η).  JSC is the current density value when the cell is short-circuited (V = 0), and 
the VOC is the voltage value when the current density value is zero.  The FF refers to the 
maximum output power that is actually taken out divided by the output power in the ideal state 
(Equation (1.2)).  η is the product of JSC, VOC and FF divided by the energy of the incident light, 
Pin (Equation (1.3))[24]. 
 
max max
SC OC
J V
FF
J V
×
=
×
   (1.2) 
 
Here, Jmax and Vmax are the J and V values at the maximum power of a cell, respectively. 
 
SC OC
in
J V FF
P
η × ×=    (1.3) 
 
The theoretical limit of the PCE of OSC is still under discussion.  Minnaert and 
Burglema [25] predicted that a η of 15.2 % could be achieved by using an absorber with a bandgap 
of 1.6 eV under the ideal condition (i.e., absorption window of 400 nm, quantum efficiency = 
90 %, FF = 70 %).  The prediction have been reported that the thermal dynamic limit of a PCE 
of OSC is calculated to be 22‒27 % depending on the exciton binding energy [26].  In addition, 
Würfel et al. [27] reported that, when the free charge mobility of organic semiconductors is taken 
into consideration, a PCE of ~22 % can be achieved with materials with mobilities > 0.01 cm2/Vs 
and with materials with LUMO energy of 0.2 eV difference between donor and acceptor.   
JSC mostly depends on the absorption efficiency of the active layer, dissociation 
efficiency of the exciton, and charge mobility [28].  VOC is proportional to the difference between 
the HOMO of the donor material and the LUMO of the acceptor material (Figure 1.7) [29]. The 
limitation of FF is not fully understood.  The factors of determining FF are charge transport or 
recombination, as well as the shunt and parallel resistances of OSCs [30,31]. 
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1.6   Organic semiconductors for OSCs 
 
In this section, materials used for the active layer of the OSC will be described.  With 
respect to their molecular weight, organic semiconductors are predominantly classified into low 
molecular types and high molecular types.  As shown in Tang's research [15], early studies 
primarily used low molecular weight materials.  Because low molecular weight materials 
generally have low solubility in organic solvents, it is difficult to apply these materials to wet 
processes.  Therefore, most of the low molecular weight solar cells are produced by the vacuum 
deposition method.  After a high PCE was reported in polymer materials which have solution-
processability, research on low molecular weight solar cells gradually ceased to be mainstream.  
Meanwhile, because the batch-to-batch variability of a low molecular weight material is lower 
than that of polymers, a low molecular weight material has the advantage of high device 
reproducibility and easy material tuning [32].  In addition, as evidenced by the development of 
an OLED, the vacuum evaporation method has an advantage that the formation of a multilayer 
film can be performed with high accuracy, and it is easy to manufacture a solar cell that has 
multiple absorption layers (i.e., a tandem structure) [33].  Heliatek has achieved a PCE of 10 % 
or more with tandem-type solar cells using a evaporation method [34].  The studies of low 
molecular weight solar cells play an important role for fundamental studies, such as studies on 
solar cells that generate two excitons from one photon absorption using singlet fission of 
pentacene [35] and the band engineering using phthalocyanine materials [36].  Also, in recent 
years, the development of low molecular weight materials that are soluble in organic solvents has 
been progressing [37,38]; future research will utilize these materials. 
Polymeric materials are soluble in organic solvents, and devices with high performance 
can easily be fabricated by wet processes.  Therefore, they are mainly used in research on OSCs.  
Synthetic techniques have been refined, and studies using various polymer materials are 
proceeding.  At present, the OSC with the highest PCE used polymer materials [13].  Heeger’s 
group reported the first example of BHJ OSC with a polymer material using PPV which is a p-
type semiconducting polymer and PCBM which is an n-type semiconductor [17].  This report 
was so important that it has become a model for the study of OSCs that use polymer materials.  
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After that, Brabec et al. [39] conducted a study of OSCs that use P3HT.  Subsequently, studies 
using P3HT have become more common because of its high solubility, high hole mobility, 
abundance of solid structure, and high PCE [40].  Based on these studies, many findings such as 
fundamental knowledge of a working mechanism of OSC, the optimization of fabrication process, 
and the relationship between the solid structure of BHJ films and device performance were 
obtained.  However, although tremendous effort has been made for a long time, the PCE of OSCs 
that use P3HT remains less than 8 % [41].  This is because the bandgap of P3HT is large (1.8‒
2.0 eV), which indicates that the absorption region is on the shorter wavelength side.  Thus, the 
sunlight on the long wavelength side is not absorbed.  Low-bandgap polymers, which have a 
bandgap of 1.3‒1.6 eV and a strong absorption in the ~900 nm region, are currently under 
development [28,42,43].  In many cases, low-bandgap polymers used in OSCs are polymers that 
have alternating electron-rich units (donor) and an electron-poor units (acceptor).  Due to this 
D‒A alternative method, the rearrangement of electron density in polymers from D to A units 
occurs.  From the viewpoint of molecular orbital theory, the initial molecular orbitals of D and 
A are rearranged by the covalent bond of two units (Figure 1.8).  As a result, the HOMO of the 
newly formed molecular orbital becomes higher than the initial HOMO level, and the LUMO 
becomes lower.  Thus, the bandgap becomes narrow [28].  Various low-bandgap polymers have 
been developed.  For example, a PCE of 7.5 % for PCDTBT [44]; a PCE of 5.5 % for 
dithiophene-benzothiadiazole-based polymers, PCPDTBT [45]; a PCE of 7.17 % for 
diketopyrrolopyrrole-based polymer, PDPP-TT-T [46]; and a PCE of 9.2 % for benzodithiophene-
based polymers, PTB7 [47], have been reported.  It is believed that low-bandgap polymers will 
continue to play an important role in research concerning OSCs. 
In acceptor materials, fullerenes such as C60, C70, and their derivatives have been 
commonly used because of their high electron affinity, high electron mobility, and 3D charge 
transfer.  Currently, research on non-fullerene acceptors is proceeding to solve issues associated 
with fullerenes such that the absorption region of fullerenes is on the short wavelength side, the 
cost is high, and the stability against oxidation and light irradiation is low [48,49].  However, 
there have been few studies on non-fullerene acceptors.  It is considered that fullerenes are the 
“universal” acceptors in OSCs. 
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1.7   Solid structure of BHJ films 
 
 The performance of OSCs is greatly affected by the solid structure of the BHJ film.  As 
explained in section 1.4, if there is no phase separation of approximately 10 nm in the BHJ film, 
generation of carriers is hindered and PCE is reduced.  In addition to the degree of phase 
separation, the crystallinity affects the performance of OSCs.  One of the essential parameters 
determining the performance of OSC is carrier mobility.  2D and 3D transport of carriers in 
organic semiconductors occur via hopping to adjacent molecules.  The barrier to hopping 
decreases as the overlap of intermolecular orbitals increases.  Thus, the formation of ordered 
crystalline structures enhances the carrier mobilities of organic semiconductors.  In fact, it has 
been reported that the carrier mobility in an organic semiconductor is higher in crystalline regions 
than amorphous regions [50,51].  Therefore, as the crystallinity of the BHJ film increases, the 
amount of generated carriers that reach the electrode without recombination increases.  This 
enhancement of carrier mobility allows the active layer of an OSC to be thick, which leads to the 
improvement of absorption efficiency.  In addition, several studies show that the exciton 
diffusion length depends on the crystallinity in the thin film as well, which greatly affects the 
exciton diffusion process [52–54]. 
In addition to crystallinity, molecular orientation is also important.  In the case of π 
conjugated molecules, it is known that the carrier mobility in the π-π stacking direction is large, 
with large overlap of the molecular orbitals [55].  Therefore, in OSCs, face-on orientation in 
which the molecular planes lie on the substrate is preferable to edge-on orientation in which the 
molecular planes stand on the substrate (Figure 1.9). 
In the low molecular weight OSC formed by the vacuum evaporation method, it is 
possible to control the crystallization of the BHJ film, the phase separation structure, and the 
molecular orientation by controlling the deposition rate and the substrate temperature during 
vapor deposition [56,57], annealing after vapor deposition [58], or by simultaneous use of non-
sticking the co-evaporant during film growth [59].  According to Kaji et al. [59], by co-
evaporation of co-evaporant of liquid, such as oil for a diffusion vacuum pump, the crystallization 
of the donor material and acceptor material of BHJ film and suitable phase separation of donor 
and acceptor were demonstrated, and were accompanied by improvement of JSC, FF, and, η.  
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This indicates that the improvement of the carrier mobility by the crystallization of the BHJ film 
greatly affects the performance of the OSC.  In addition, it have been reported that due to the 
introduction of the template layer, the orientation of the planar donor material changes from the 
edge-on orientation to the face-on orientation, and, accordingly, the absorption efficiency and the 
carrier mobility toward the substrate are improved, which leads to improvement of PCE [60‒62]. 
In OSCs with polymer materials, a change in a solid structure caused by a change in the 
molecular structure of a polymer material, selection of an organic solvent, and a difference in the 
annealing technique have been reported.  An early study demonstrated a correlation between 
solid structure and device performance using the PPV system.  It has reported that when the 
solvent used for preparing PPV:PCBM BHJ film changed from toluene to CB, the formation of 
large domains was prevented and PCE was improved [63].  It is believed that this change is 
affected by the solubility, boiling point, and vapor pressure of solvent. 
For P3HT, in addition to the influence of the solvent used, the influence of RR, 
molecular weight, thermal annealing, and SVA has been investigated.  It was reported that P3HT 
with low RR has high amorphous properties, and P3HT with high RR has high crystallinity [64].  
It was also reported that P3HT with high RR and low molecular weight is preferable to edge-on 
orientation for polymers and P3HT with low RR and high molecular weight is preferable to face-
on orientation [65].  Kim et al. [64] reported that an increase in crystallinity due to improvement 
in RR leads to improvement in charge mobility and absorption efficiency, as well as improvement 
in PCE.  However, Woo et al. [66] reported similar improvements in crystallinity when RR is 
from 86 % to 96 %, but also reported that large phase separation also occurs and the PCE decreases. 
In addition to the molecular structure, a change in the solid structure by treatment after 
the fabrication of a BHJ film, such as thermal annealing and SVA has been reported.  The thermal 
annealing method involves the heating of the prepared BHJ film to increase the mobility of 
molecules to promote crystallization and phase separation.  This adding of heating energy allows 
the materials in a film to reach a lower energy configuration [67].  In the P3HT:PCBM system, 
it has been reported that the influence of thermal annealing appears remarkably.  Ma et al. [68] 
reported that FF and JSC improve by the thermal annealing of the P3HT:PCBM BHJ film at 150°C.  
Yang et al. [69] analyzed the effect of this thermal annealing on the solid structure of the BHJ 
film and concluded that this improvement in PCE is due to the improved crystallinity of P3HT 
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and the controlled phase separation.  In P3HT:PCBM systems, manipulation of a solid structure 
by thermal annealing is an effective method, but in the low-bandgap polymer OSCs, significant 
PCE improvement by thermal annealing has hardly been reported. 
SVA is the method in which the solvent vapor is exposed to the BHJ film and promotes 
crystallization and phase separation by increasing the mobility of the molecule as well as thermal 
annealing.  Unlike thermal annealing, SVA allows the materials in a film to reach non-
equilibrium or metastable phases by controlling the evaporation rate, the exposure time, and other 
parameters [67].  In the P3HT:PCBM system, improvement of performance by annealing with 
solvents such as DCB, acetone, CF, CS2, or THF has been reported [70‒73].  This improvement 
in performance originates from the improvement of charge mobility due to ordering of P3HT and 
the improvement of crystallinity.  In addition, it was reported that when THF was used as an 
annealing solvent, crystallization of PCBM also occurred [72].  Tang et. al. [73] reported the 
significant improvement of PCE of a P3HT:PCBM OSC by two-step annealing of THF and CS2 
vapor.  The first THF annealing crystallizes PCBM, and the second CS2 annealing enhances 
P3HT crystallization and phase separation.  Unlike thermal annealing, performance 
improvement by SVA is also reported for low-bandgap polymer OSCs.  In PCDTBT:PC71BM 
BHJ OSC, it was reported that SVA of mixed solvent with CS2 and THF causes polymer 
crystallization and PC71BM aggregation, which improves carrier generation efficiency and 
mobility as well as improving PCE [74].  In PTB7:PC71BM BHJ OSCs, improvement of PCE 
by SVA of a polar solvent such as methanol has been reported [75].  In this report, detailed solid 
structure analysis has not been conducted and many unclear points are found, but the authors 
suggest that the improvement by SVA is due to aggregation of PC71BM. 
The optimization of the solid structure by mixing additives in processing solvents has 
been reported [76].  This is the method for preparing a BHJ film using mixed solvents of with 
the CB or DCB and a small amount of additive, such as ODT or DIO.  It is important that solution 
used for additives have the following characteristics: (a) it has a higher boiling point than the host 
solvent and (b) the solubility of either one of the materials is high.  For example, in the 
polymer:fullerene type, additives in which only fullerene is soluble are often used.  In this case, 
fullerenes that dissolved in additives remain in the solution for a longer time during coating, and 
the evaporation time of the solvent is longer due to the high boiling point of additives, which 
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allows for controlling of phase separation of the PCBM and the crystallization of the polymers. 
Peet et al. [45] reported that using ODT additives when preparing the 
PCPDTBT:PC71BM BHJ film improved η from 2.8 % to 5.5 %.  This improvement in PCE is 
due to the improvement of exciton separation efficiency by phase separation optimization and the 
improvement of carrier mobility by crystallization of PCPDTBT.  Thereafter, in the BHJ film 
with a low-bandgap polymer (PCDTBT, PTB7, etc.), this method of optimizing the structure using 
additives is widely used for improving PCE [77,78]. 
 
1.8   Characterization tools for solid structure study 
 
 Because the solid structure of the BHJ film and the performance of the device are clearly 
correlated, as described in the previous section, the detailed analysis of the solid structure plays 
an important role in improving the PCE of the OSC.  In conventional studies, crystal structure 
analysis by XRD and observation of microscopic regions by AFM, SEM, and TEM have widely 
used [79,80].  XRD can be determined by using Equation (1.4) to determine lattice spacing, d, 
of crystals from diffraction peaks.  The size of the crystallites, L, can be determined from the 
diffraction peak width using the Scherrer's equation (1.5). 
 
2sin
d
λ
θ
=    (1.4) 
(2 )cos
K
L
λ
θ θ
=
∆
   (1.5) 
 
Here, λ is the X-ray wavelength, θ is the Bragg’s angle, K is the Scherrer constant, and ∆(2θ) is 
the width of the diffraction peak. 
 However, when the order of the crystals becomes disordered and the materials form an 
amorphous state, no clear diffraction peak is observed in the XRD pattern because long-range 
order structures are not formed.  Therefore, detailed analysis in such a structure is not possible.  
In addition, because the measurement region is wide and statistical data is obtained in the XRD 
measurement, it is impossible to analyze the microscopic regions.   
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AFM and SEM are used to acquire the topographic images of the surface of the BHJ 
film, and TEM is used to estimate the phase composition.  Because the spatial resolution is in 
the order of a few nm in either case, it is suitable for analysis of the degree of phase separation.  
However, neither method can analyze at the molecular level.  Thus, these methods do not 
provide information on what kind of materials are observed nor detailed information regarding 
the solid structure, such as crystallinity and molecular orientation.  
 
1.9   Raman spectroscopy 
  
 Raman spectroscopy, which is one of the vibrational spectroscopy, is a useful method 
for analyzing the chemical structure of molecules and environmental changes around molecules.  
Raman scattering is caused by the change in the polarizability of materials induced by irradiation 
of light.  In organic semiconductors used for OSC, the polarizability changes greatly due to 
delocalization of π electrons.  Thus, the Raman scattering cross section of organic 
semiconductors is large, which indicates that the peak intensity increases [81].  In addition, in 
the BHJ film, the dissociation of excitons occurs at the p-n interfaces, so fluorescence, which 
inhibits the detection of the Raman signal, tends to quench, thus indicating Raman signals can 
easily be obtained without further treatment.  Therefore, Raman spectroscopy has an advantage 
for analysis of the solid structure of a BHJ film.  Furthermore, unlike XRD measurement, Raman 
spectroscopy can analyze changes in solid structures in both crystalline and amorphous states.  
Previous reports show that Raman spectroscopy provides useful quantitative information about 
crystallinity.  The crystallinities of representative polymers, such as polyethylene [82–84], 
polyethylene terephthalate [85], polystyrene [86] and polypropylene [87], have been determined 
by Raman spectroscopy, and the values were found to be comparable to those obtained by DSC 
and XRD.  If the materials can be irradiated with light, it is possible to measure the Raman 
spectrum; therefore in situ non-destructive measurements can be conducted even when the 
samples are encapsulated inside glass covers.  The spatial resolution of Raman spectroscopy 
depends on the diffraction limit of the laser light for excitation, and is generally about 1 μm.  
Thus, it is possible to analyze the spatial distribution of the solid structure by using the mapping 
method.  Of course, the solid structure, such as crystallinity and molecular orientation, is 
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analyzed by IR spectroscopy, which is another form of vibrational spectroscopy.  However, IR 
spectroscopy cannot be applied to in situ measurement of the devices because infrared light does 
not pass through glass.  In light of the above discussion, Raman spectroscopy is an effective 
technique in analyzing the solid structure of BHJ films. 
However, investigation of the solid structure of BHJ films used for OSC using Raman 
spectroscopy is limited.  Raman studies on the solid structure of materials used for an OFETs 
[88–92] and OLEDs [92–97] have been conducted.  OFET and OLED devices are composed of 
a single film or a multi-layered film.  The solid structure in a BHJ film are more complex than 
those in OFET and OLED because there are interactions between other materials in a BHJ film.  
There are few Raman studies on BHJ film by vapor deposition.  In the case of BHJ films with 
polymers, although there are some Raman studies on P3HT:PCBM BHJ films [92–95], the Raman 
studies on BHJ films with low-bandgap polymers are limited. 
 
1.10   Outline of thesis 
 
 This thesis proceeds as follows.  In Chapter 2, the Raman study of the solid structure 
of a pentacene:C60 BHJ film prepared by co-evaporation method is described.  In this study, 785-
nm excited Raman spectra of pentacene crystalline powders, C60 crystalline powders, and a 
pentacene:C60 BHJ film were measured.  From the change in bandwidths, peak wavenumbers, 
and relative intensities, the solid structure of pentacene and C60 were analyzed.  In addition, the 
band observed only in the Raman spectra of a BHJ film was analyzed.  It was found that the 
complexes at the pentacene-C60 interfaces are formed at the interfaces.  This chapter is based on 
Ref [96]. 
In Chapter 3, the study on the effect of deuteration of pentacene on device performance 
of a pentacene/C60 planar OSC and Raman study on the solid structure of deuterated pentacene 
(pentacene-d14):C60 BHJ film is described.  The change in device performance resulting from a 
decrease in the zero-point energy and the change in the solid structure, such as the intermolecular 
distance and intermolecular interaction, caused by deuteration are discussed.  Also, from the 
analysis of the Raman spectra of a pentacene-d14:C60 BHJ film based on DFT calculation, the 
validity of the analysis in Chapter 2 is discussed.  This chapter is based on Ref [97]. 
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In Chapter 4, the study on the effect of SVA on the solid structure of PCPDTBT:PC71BM 
BHJ films by Raman spectroscopy and XRD is described.  For the analysis of PCPDTBT, the 
crystalline fraction of PCPDTBT was determined by the band decomposition of the Raman 
spectrum, and the influence of SVA with various solvents was discussed.  Also, the solid 
structure of PC71BM was analyzed based on the change of the bandwidth.  Chapter 5 concludes 
the thesis and describes suggestions for future research. 
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Figure 1.1   World energy consumption based on British thermal units 
(created based on Ref 1) 
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Figure 1.2   Estimated renewable energy share of global electricity production 
(created based on Ref 7) 
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Figure 1.3   Schematic images of OSC structures:  
(a) single-layered, (b) planar, (c) BHJ, and (d) interpenetrating 
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Figure 1.4   (a) schematic image and (b) energy diagram of working mechanism 
1. exciton generation, 2. exciton diffusion, 3. exciton dissociation, 4. carrier transfer 
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Figure 1.5   Solar spectrum (AM 1.5) 
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Figure 1.6   J‒V curve 
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Figure 1.7   Simplified relationship between HOMO‒LUMO gap and VOC 
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Figure 1.8  Simplified mechanism of energy level alignment in D‒A copolymers 
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Figure 1.9  (a) Face-on and (b) edge-on structures 
Red arrows indicate the carrier mobility direction  
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Chapter 2  Raman Study on the Solid Structure of Pentacene:C60 BHJ Films   
 
2.1   Introduction 
 
 In this chapter, the results of the analysis of the solid structure of a BHJ film using 
pentacene and C60 (Figure 2.1) by Raman spectroscopy are described.  Pentacene and C60 have 
a highly symmetrical structure.  Thus, they are suitable as model materials for analysis of the 
solid structure of BHJ film by Raman spectroscopy. 
Pentacene has a high hole mobility of more than 1.5 cm2/Vs and is known as a promising 
material for OFET [1,2].  A high hole mobility is an important parameter for increasing the 
efficiency of OSC.  In 2004, Kippelen et al. [3] reported the planar OSC with C60. This device 
exhibits that JSC is 15 ± 3 mA cm−2, VOC is 0.363 ± 0.03 V, FF is 0.50 ± 0.01, and η is 2.7 ± 0.4 %.  
The J‒V curve of this device was measured under Xenon lamp broadband light (350–900 nm).  
In recent years, it was found that the external quantum efficiency of a pentacene OSC exceeded 
100 % by utilizing singlet fission, which is the process of generating two triplet excitons from one 
singlet exciton generated by absorption of one photon [4].  This suggests the possibility of 
exceeding the Shockley-Queisser efficiency limit, which is the classical theoretical limit of the 
PCE of a p-n junction solar cell.  Unfortunately, there is no significant increase in PCE even 
when the external quantum efficiency is larger than 100 % by singlet fission, because the diffusion 
length of triplet excitons generated by pentacene is short [4].  In order to form a thick film with 
optimal phase separation on the order of several nanometers, the formation of a BHJ film with 
pentacene is essential for further improvement of PCE.  However, the reported η value of the 
pentacene:C60 BHJ OSC shows very low PCE [5,6].  This is probably because the solid structure 
formed by co-evaporation is not optimal.  Further investigation on the solid structure of the a 
pentacene:C60 BHJ film is important for future research. 
The symmetry of a pentacene molecule is D2h.  The vibrational irreducible 
representation of the molecule is as follows: 
18Ag + 9B1g + 7B2g + 17B3g + 8Au + 17B1u + 17B2u + 9B3u 
The Ag, B1g, B2g, and B3g modes are Raman active.  The Raman spectrum of pentacene and mode 
assignments have been reported [7].  Raman studies on polymorph [8,9], molecular orientation 
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[10–14], and structural change during device operation [15,16] of pentacene have been reported.  
Pentacene in the thin film is crystalline, and pentacene molecules are oriented to stand on the 
substrate.  The angle between the long axis of a pentacene molecule and the substrate is 
estimated to be 13° [14].  On Raman measurements in the backscattering configuration in which 
the electric field of incident light is parallel to the substrate, the change in orientation can be 
judged from the relative intensity of the Ag band and the B3g band.  This is because the Raman 
tensors of Ag and B3g are expressed as follows.  
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0 0
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 
 
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=  
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 
 
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When the long axis of the pentacene molecule is oriented perfectly perpendicular to the substrate, 
the intensity of the B3g band is 0, and only the Ag band is observed.  It was reported that the 
relative intensity of the 1596 cm−1 band (B3g) to the 1533 cm−1 band (Ag), R = I(1596, B3g)/I(1533, 
Ag), is a marker for the orientation of pentacene molecules [10,11]. 
The symmetry of the a C60 molecule is icosahedral Ih.  The vibrational irreducible 
representation of the molecule is as follows. 
2Ag + 3F1g + 4F2g + 6Gg + 8Hg + 1Au + 4F1u + 5F2u + 6Gu + 7Hu 
Ag and Hg modes are Raman active.  The mode assignments of C60 were reported previously [17].  
Raman studies on the structure of a thin film of C60 [18,19], alkali-metal-doped C60 [20,21] and 
C60 solvates [22] have been reported.  Hamanaka et al. reported that the width of the 271-cm−1 
band (Hg(1) mode) of a C60 grown from CS2 solution or in a film prepared by vacuum deposition 
on a substrate at 30 °C is larger than that of sublimation-growth C60 crystals [18].  Akers et al. 
[19] reported that the 1469-cm−1 band (Ag(2) mode) shifted to lower wavenumber by order-
disorder transition.  No Raman studies on a pentacene:C60 BHJ film have been reported.  It is 
important to investigate the solid structure, such as the crystalline/amorphous states and molecular 
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orientation of the pentacene:C60 BHJ film, using Raman spectroscopy. 
  
2.2   Experimental methods 
 
 Pentacene powders were purchased from Sigma‒Aldrich and purified once by thermal 
gradient sublimation under a vacuum.  C60 powders were purchased from Tokyo Chemical 
Industry and were used as obtained.  ITO-coated glass (Eagle XG) substrates were purchased 
from GEOMATEC.  The surface resistance was ~30 Ω/sq.  ITO-coated glass substrates were 
cleaned by UV-ozone treatment using a mercury lamp for 30 minutes, following ultrasonic 
cleaning in neutral detergent, pure water, acetone, and isopropyl alcohol for 5 minutes each. 
A pentacene:C60 BHJ film was prepared on an ITO substrate by co-evaporation at 5.0 
× 10-4 Pa or less.  The deposition rate was 0.3 Å/s.  The volume ratio of pentacene and C60 
was 1:1, and the film thickness was 200 nm.  The film thickness and deposition rate were 
monitored with a quartz microbalance.  Further, for the UV−VIS−NIR absorption spectrum, 
pentacene, C60, and pentacene:C60 BHJ film was prepared on cleaned quartz substrates.  
 Raman spectra were measured using a Renishaw InVia Raman microscope with 
excitation at 785 nm in the backscattering configuration.  A 50× objective with a numerical 
aperture of 0.75 (Leica N PLAN) was used.  The spectral resolution was 2.9 cm−1.  
UV−VIS−NIR absorption spectra were measured on a JASCO V-570 spectrometer.  X-ray 
diffraction (2θ-θ scan) was measured using a Rigaku RINT-Ultima III X-ray diffractometer with 
a CuKα X-ray (λ = 0.15418 nm). 
 
2.3   Results and discussion 
 
2.3.1   UV-VIS-NIR spectra 
 
 The UV−VIS‒NIR absorption spectra of a pentacene film, a C60 film and a 
pentacene:C60 BHJ film are shown in Figure 2.2.  The spectrum of the pentacene film is almost 
consistent with the result reported previously [23].  The 230- and 276-nm bands are attributed 
to a π−π* transition polarized parallel to the molecular in-plane short axis [7].  The 668- and 
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634-nm bands are attributed to Davydov splitting [23].  This Davydov splitting was also 
observed at 670 and 585 nm in the spectrum of the pentacene:C60 BHJ film.  This result indicates 
that pentacene molecules take crystals in the pentacene:C60 BHJ film.  There were not new bands 
in the range from 700 to 2500 nm.  This result suggests that the interaction between pentacene 
and C60 in pentacene:C60 BHJ film is negligibly small. 
 
2.3.2   XRD pattern 
 
 The XRD patterns of the powders of pentacene and C60, and a pentacene:C60 BHJ film 
are shown in Figure 2.3. Pentacene and C60 powders show sharp XRD peaks, which indicates that 
both powders form crystals.  XRD peaks of pentacene crystalline powders at 2θ = 6.1° and 12.3° 
are attributed to (001) and (002), respectively [14].  The XRD peak of C60 crystalline powders 
at 2θ = 10.8° is attributed to (111) [24].  XRD pattern of the BHJ film shows a peak at 2θ = 5.8° 
attributed to the pentacene (001) plane and no peak attributed to C60 crystallites.  These results 
indicate that pentacene is crystalline, and C60 is amorphous in the BHJ film.  
 
2.3.3   Raman spectra  
 
The 785-nm excited Raman spectrum of a pentacene:C60 BHJ film, a C60 film, 
crystalline powders of C60, a pentacene film, and crystalline powders of pentacene are shown in 
Figure 2.4a, b, c, d, and e, respectively.  The 785-nm wavelength was located at the longer 
wavelength side of the pentacene and C60 absorption bands (see Figure 2.2).  Thus, the observed 
Raman spectra of pentacene and C60 are under non-resonant conditions.  The observed peak 
wavenumbers, relative intensities, FWHMs, and assignments for the pentacene:C60 BHJ film are 
listed in Table 2.1.  The observed peak wavenumbers, relative intensities, FWHMs, and 
assignments for the powders and thin films of pentacene and C60 are listed in Table 2.2.  
The bands observed at 1462, 492, 431, and 268 cm−1 are attributed to C60 because these 
bands are also observed in the Raman spectrum of C60 crystalline powders.  The 1462- and 492-
cm−1 bands are assigned to the Ag(2) and Ag(1) modes, respectively.  The 431- and 268-cm−1 
bands are assigned to the Hg(2) and Hg(1) modes, respectively.  The widths of the 1462-, 492-, 
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and 268-cm−1 bands are 12.2, 8.5, and 9.4 cm−1, respectively; the widths of the corresponding 
bands of C60 in crystalline powders are 3.9, 3.8, and 3.8 cm−1, respectively, as listed in Table 2.1.  
The width of each band increases significantly.  The expanded Raman spectra of the Ag(2) mode 
for crystalline powders, a C60 film, and the BHJ film are shown in Figure 2.5.  The peak 
wavenumber of the pentacene:C60 BHJ film was 1462 cm−1, whereas the peak wavenumbers of 
the crystalline powders of C60 and a C60 film were 1469 cm−1.   
Usually the widths of Raman bands of a material in an amorphous form are broader than 
those in the crystalline form because the intermolecular interactions in an amorphous form are 
more irregular than those in the crystalline form.  Thus, the broad widths of the C60 bands in a 
pentacene:C60 BHJ film are attributable to the amorphous structure of C60.  Similar broadening 
of some Raman bandwidths and downward shifts of C60 bands in the amorphous state of aromatic 
diamines used for OLEDs were reported [25]. 
We will discuss reasons for the observed shifts in C60 bands from the viewpoint of the 
freezing of the free rotation of C60 molecules, CT interaction, and disordered arrangement of C60.  
It has been reported that the Raman band shifts when the C60 molecules change from the fcc phase 
to the sc phase from room temperature to low temperature due to freezing of the free rotation of 
C60 [26].  However, this change is accompanied by a decrease in bandwidth, so it is not 
compatible with the case in which the bandwidth becomes large.  The effect of the CT 
interactions on Raman spectra of C60 was reported in C60-TDAE [27] and alkali-metal-doped C60 
[20].  CT interaction leads to the downward shift of the Ag(2) band, whereas Hg(1) and Ag(1) 
band show no shift.  In BHJ film, the downward shifts of Ag(1), Hg(1), Ag(2) bands were 
observed.  In addition, no CT-derived absorption was observed in the UV‒VIS‒NIR spectrum 
(Figure 2.2).  From the above, the influence of the CT interaction is considered to be negligibly 
small in a BHJ film.  Thus, it is reasonable to consider that the downward shifts of C60 bands are 
due to the disordering of C60 [18,19]. 
 The strong bands observed at 1596, 1532, 1371, 1178, and 1156 cm−1, as well as some 
medium and weak bands were attributed to pentacene, as shown in Table 2.1.  The significant 
shifts in peak wavenumbers and the broadening in bandwidth were not observed for the bands of 
pentacene in the pentacene:C60 BHJ film.  This result suggests that pentacene is crystalline in 
the BHJ film, which is consistent with the results of UV‒VIS absorption and XRD measurements.  
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However, the relative intensities of the pentacene bands in the BHJ film were different from those 
in the pentacene film and crystalline powders, as shown in Figure 2.4.  The R values for Raman 
spectra of pentacene crystalline powders, the pentacene film, and the BHJ film were 1.68, 0.28, 
and 0.96, respectively.  In the Raman spectrum of the pentacene powders, which were a non-
oriented sample, the R value was 1.68.  In the Raman spectrum of a thin pentacene film in which 
the reported tilt angle was 13° [14], which is a standing orientation, the R value was 0.28.  The 
observed R value of 0.96 for the BHJ films indicates that on average, pentacene molecules have 
a standing orientation.  The standing orientation is probably associated with the plate shape of 
pentacene crystallites.  The formation of plate-shaped crystals of pentacene was reported by 
crystalline growth due to the physical vapor transport method and by recrystallization from 
solution [28].   In these crystals, the plate surface is the ab plane.  The angle between the 
molecular long axis and the surface normal is ~26° [29], (i.e., standing orientation).  These plate-
shaped crystallites of pentacene, where the surface of the plates (the ab plane) are parallel to the 
substrate surface, are formed in the BHJ film.  In this case, pentacene molecules have a standing 
orientation. 
 The weak bands at 514, 453, 445, and 253 cm−1 were observed in the Raman spectra of 
the pentacene:C60 BHJ film.  These bands were not observed in pentacene nor in C60 crystalline 
powders.  In crystals and films, the 528 cm−1 bands is assigned to the F1u(1) mode , which is not 
the Raman active vibrational mode of C60 [30].  Talyzin and Jansson [22] reported that Raman 
spectra of C60-hexane, -toluene or -benzene solvates through van der Waals interactions showed 
the activation of the band at 521 cm−1.  This report suggests that a van der Waals complex 
between C60 and pentacene molecules leads to the symmetry lowering of C60 molecules.  Thus, 
this symmetry lowering leads to the activation of the 514-cm−1 band (F1u(1)).  This suggests that 
pentacene-C60 complexes may be formed at the interfaces between the crystalline pentacene and 
amorphous C60. 
It is expected that the 253- and 453-cm−1 bands in the Raman spectra of the BHJ film 
are associated with the Hg(1) and Hg(2) modes, respectively.  Two possibilities are considered 
when explaining the origin of these bands.  There are :(i) splitting of degenerate Hg bands; and 
(ii) shift induced by the formation of C60‒pentacene complexes.  The splitting of Hg bands was 
reported for the film and crystal [30].  The Ih symmetry can reduce to Th, D3d, or D5d.  In Th 
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symmetry, Hg modes are split into Tg and Eg modes [31].  In D3d symmetry, Hg modes are split 
into one A1g and two Eg.  In D5d symmetry, Hg modes correlated to A1g, E1g, and E2g [32].  The 
Hg band of C60 in the BHJ film splits into two bands.  These bands may be attributed to Tg and 
Eg modes by the symmetry lowering from Ih to Th.  However, in order to change the symmetry 
of C60 molecules, pentacene molecules must surround a C60 molecules.  It is hard to expect that 
these coordinated complexes at molecular level are formed in BHJ film.   
 Raman spectra of C60 solvates shows the shifts in Hg bands [22].  Thus, the formation 
of pentacene‒C60 complexes in a BHJ film will probably induce the shifts in Raman peak 
wavenumbers.  When the several C60 molecules form these complexes in a BHJ film, it is 
expected that the bands attributed to amorphous C60 and pentacene‒C60 complexes are observed.  
Based on this suggestion, the bands at 253 and 453 cm−1 can be attributed to the bands of 
pentacene‒C60 complexes.  Although it is difficult to determine exactly the origin of 253- and 
453-cm−1 based on my results alone, it is reasonable that these bands are originated to the 
formation of pentacene‒C60 complexes.   
The solid structure of the pentacene:C60 BHJ film was studied by Raman spectroscopy.  
Pentacene is crystalline, and in the crystallites, pentacene molecules take a standing orientation.  
The C60 surrounding pentacene is amorphous.  The schematic structure of the pentacene:C60 BHJ 
film is shown in Figure 2.6.  Although the formation of amorphous C60 is not suitable because 
the carrier mobility is lower than that of crystalline, a molecule-level contact between pentacene 
and C60 is formed at the pentacene/C60 interface because C60 is amorphous.  Charge-separation 
easily occurs at such an interface.  If the phase separation about 10 nm is formed, the 
performance of pentacene:C60 BHJ OSC is improved. 
 
2.4   Conclusions 
 
 The structure of a pentacene:C60 BHJ film was investigated by Raman spectroscopy.  
The Raman bands observed with excitation at 785 nm were assigned on the basis of the spectra 
of pentacene and C60 in crystalline powders and films.  The bandwidths of 1462-, 492-, and 268-
cm−1 bands attributed to C60 became large, and the peak wavenumbers shifted to low 
wavenumbers.  These results indicate that C60 is amorphous in the BHJ films.  On the other 
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hand, the peak wavenumbers and widths of the pentacene bands in the BHJ film were not changed.  
However, there was a change in the relative intensities of the pentacene bands.  Thus, there are 
crystallites of pentacene in the amorphous C60 in the BHJ film.  The relative intensity of the 
1598-cm−1 band (B3g) to the 1534-cm−1 band (Ag) shows that pentacene molecules have a standing 
orientation in crystallites.  Several weak Raman bands were attributed to the Raman-inactive F1u 
mode of C60 and shifts of Hg modes of C60 due to formation of pentacene‒C60 complexes.  This 
originates from van der Waals interactions between pentacene and C60 molecules.  This study 
shows that Raman spectroscopy can be a powerful tool to evaluate the solid structure of a BHJ 
film in OSCs. 
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Figure 2.1  Chemical structures of (a) pentacene and (b) C60 (Ref 33) 
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Figure 2.2  UV−VIS−NIR absorption spectra of a 200-nm thick film of pentacene:C60 (1:1) BHJ (red), a 100-nm thick film of C60 (blue), and a 100-
nm thick film of pentacene (green).  The pentacene:C60 blend film was co-deposited on a quartz substrate (Ref 33) 
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Figure 2.3   XRD patterns of (a) pentacene:C60 BHJ film, (b) C60 powders, and (c) pentacene 
powders 
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Figure 2.4  Raman spectra of (a) a pentacene:C60 BHJ film, (b) a C60 film, (c) C60 crystalline powders, (d) a pentacene film, and (e) pentacene 
crystalline powders (Ref 33)  
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Figure 2.5.  Expanded Raman spectra of (a) a pentacene:C60 BHJ film, (b) a C60 film, and (c) 
C60 crystalline powders (Ref 33) 
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Figure 2.6  Schematic structure of a pentacene:C60 BHJ film 
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Table 2.1 
Observed peak wavenumbers (𝜈𝜈� in cm−1), intensities, bandwidths (Δ𝜈𝜈� in cm−1), and assignments 
for a pentacene:C60 BHJ film 
𝜈𝜈� Intensity Δ𝜈𝜈�   Assignments 
1596 m 6.3   pentacene (B3g) 
1532 m 5.4   pentacene (Ag) 
1462 s 12.2   C60 (Ag(2)) 
1409 w 8.1   pentacene (Ag) 
1371 s 10.6   pentacene (Ag) 
1352 w 12.2   pentacene (Ag) 
1178 s 6.2   pentacene (Ag) 
1156 s 8.9   pentacene (Ag, B3g) 
997 m 5.5   pentacene (Ag) 
603 w 5.4   pentacene (Ag) 
514 w 6.2   C60 (F1u(1)) 
502 vw 5.0   pentacene (B3g) 
492 s 8.5   C60 (Ag(1)) 
453 w 5.6   C60 (Hg(2)) 
445 w 5.4   C60 (Hg(2)) and pentacene (B3g)  
431 w 8.6   C60 (Hg(2)) 
268 m 9.4   C60 (Hg(2)) and pentacene (Ag) 
253 w 8.0   C60 (Hg(1)) 
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Table 2.2 
Observed peak wavenumbers (𝜈𝜈� in cm−1), intensities (Int), bandwidths (Δ𝜈𝜈� in cm−1), and 
symmetry species (Sym) for powders and films of C60 and pentacene 
C60 Pentacene 
Powders Film 
 
Powders Film 
 
𝜈𝜈� Inta Δ𝜈𝜈� 𝜈𝜈� Inta Δ𝜈𝜈� Sym 𝜈𝜈� Inta Δ𝜈𝜈� 𝜈𝜈� Inta Δ𝜈𝜈� Sym 
       
1598 s 5.5 1598 vw 6.5 B3g 
1575 w 9.1 1575 w 9.2 Hg(8) 
       
       
1533 s 4.6 1533 m 5 Ag        
1500 vw 10.3 1498 w 11.6 Ag 
1469 s 3.9 1469 s 4.1 Ag(2) 1459 w 4 1456 vw 6.3 Ag 
1424 vw 10.4 
   
Hg(7) 
       
       
1411 m 7.9 1411 w 8.1 Ag        
1372 s 8.6 1372 s 8.5 Ag        
1353 m 11.8 1353 w 14.8 Ag 
1249 w 10 1249 w 7.1 Hg(6) 
       
       
1179 s 6.8 1178 s 5.2 Ag        
1159 s 6.2 1157 s 6.1 B3g 
1101 w 5.6 1101 w 9 Hg(5) 
       
       
997 m 4.5 997 w 4.5 Ag        
912 w 3.2 912 w 3.2 B3g        
787 w 4.3 787 w 4.2 Ag 
774 m 5.1 774 w 5.4 Hg(4) 
       
        
753 w 5.5 753 w 5 Ag 
711 vw 8.9 709 vw 6.5 Hg(3) 
       
       
603 w 3.7 603 w 3.8 Ag 
569 w 12.7 
           
       
502 w 4 
   
B3g 
497 s 3.8 497 s 3.5 Ag(1) 
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447 w 5.3 
   
B3g 
434 w 9.9 432 w 9.5 Hg(2) 
       
274 s 3.8 272 s 4.7 Hg(1) 267 w 9.2 267 w 10 Ag 
268 sh 
            
       
243 vw 6.4 
   
B3g 
 
a s, strong; m, medium; w, weak; vw, very weak; sh, shoulder. 
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Chapter 3   Study of the Effect of Deuteration on Device Performance and 
the Solid Structure of Pentacene-d14:C60 BHJ Films   
 
3.1   Introduction 
 
 This chapter describes the study on the effect of pentacene deuteration on the OSC 
performance and on the solid structure of a pentacene-d14:C60 BHJ film using Raman spectroscopy.  
According to the quantum theory, the energy level of the ground electronic state is located above 
the minimum value of the classical adiabatic potential by the zero-point vibrational energy.  The 
zero-point energy is reduced by the deuterium substitution of organic compounds (Figure 3.1).  
It is considered that the energy level of HOMO of a p-type organic semiconductor is also lowered 
by deuteration. 
In addition to the change of electronic energy levels, deuteration induces to the change 
of physical properties such as the reduction of a molar volume due to the change of the 
intramolecular and intermolecular interaction as well as the change in polarizability [1].  In 
OLEDs, it has been reported that the improvement of light-emitting efficiency by deuteration of 
aluminum tris(8-hydroxyquinoline) [2] and high-voltage stability, and long lifetime from the 
kinetic isotope effect [3].  On the other hand, for P3HT:PCBM OSC, it was reported that the 
solid structure and the device performance are changed by deuteration of P3HT [4,5].  However, 
there have been few studies about the effect of deuteration on the performance of OSCs. 
As mentioned in Chapter 2, pentacene has high carrier mobility and is suitable as a donor 
material for OSCs.  However, since Voc is lower than 0.4 V, the PCE is limited to be about 1%.  
As described in Chapter 1, Voc depends on the difference between the HOMO of a p-type 
semiconductor and the LUMO of an n-type semiconductor.  The HOMO level of pentacene is 
4.9 eV, while the LUMO of C60 is 4.5 eV.  Thus, the difference in the HOMO–LUMO energy is 
only 0.4 eV [6,7], which is equal to the Voc value.  Improvement in PCE is expected if the HOMO 
level is reduced by deuteration.  This means that PCE of OSCs with low VOC can be improved 
by deuteration.  Therefore, the deuteration of materials will greatly expand the possibility of 
material selection in research on OSCs. 
Deuteration increases the reduced mass of the molecule.  The vibrational energy of a 
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molecular vibration, ν, is expressed by the following equation using a force constant, k, and the 
reduced mass, µ: 
 
1
2
kν
π µ
=    (3.1) 
 
Therefore, the peak position of the Raman band shifts to the lower wavenumber upon deuteration.  
As shown in Chapter 2, in the Raman spectrum of a pentacene:C60 BHJ film, the appearance of a 
Raman-inactive F1u band of C60 and the splitting or the shift of Hg bands were observed.  
Deuteration of the pentacene molecule makes it possible to identify the assignments described in 
Chapter 2. 
The purposes of the study presented in this chapter are as followed: (1) to study how 
device performance changes upon pentacene deuteration, and (2) to demonstrate the validity of 
the assignment of pentacene:C60 BHJ film by measuring the Raman spectrum of a pentacene-
d14:C60 BHJ film.  The following studies were demonstrated: (1) The difference in the zero-point 
energy between pentacene and pentacene-d14 was obtained by a DFT calculation.  The J‒V 
characteristics of pentacene or pentacene-d14/C60 planar OSC were measured, and changes in 
device performance were discussed.  (2) The Raman and infrared spectra of pentacene-d14 were 
measured, and were assigned using the DFT calculation.  The Raman spectra of pentacene-
d14:C60 BHJ films were analyzed. 
 
3.2   Experimental methods 
 
 Pentacene was purchased from Sigma–Aldrich and purified by thermal gradient 
sublimation under a vacuum.  Pentacene-d14 was provided by Mr. Tomoya Sasaki and Prof. 
Takanori Shibata.  The pentacene-d14 was synthesized from perdeuterated naphthalene, 
following previous researches [8–10].  The synthetic approach to pentacene-d14 is shown in 
Scheme 1.  The synthesized pentacene-d14 was purified by thermal gradient sublimation under a 
vacuum.  C60 was purchased from Tokyo Chemical Industry and used without further 
purification.  BCP was purchased from Tokyo Chemical Industry and purified by thermal 
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gradient sublimation under vacuum.  PEDOT:PSS was purchased from Sigma‒Aldrich. A ITO-
coated glass (Eagle XG) substrates were purchased from GEOMATEC.  The surface resistance 
was ~30 Ω/sq. 
 A solar cell with an ITO/PEDOT:PSS/pentacene (or pentacene-d14)/C60/BCP/Al 
structure was fabricated.  ITO-patterned glass substrates were cleaned by UV/ozone treatment 
for 30 min, following ultra-sonification in detergent, pure water, acetone, and isopropyl alcohol 
for 5 min each.  A PEDOT:PSS layer was deposited on the substrate by spin coating at 2000 rpm 
for 60 s and baked at 120 °C for 15 min in air.  A 45-nm pentacene or pentacene-d14 layer was 
formed, and then a 50-nm C60 layer was formed by vacuum deposition.  A 10-nm BCP layer was 
deposited as an exciton-blocking layer.  The typical vacuum during the deposition was 5.0 × 10−4 
Pa.  A 100-nm Al anode layer was formed by vacuum deposition under 5.0 × 10−3 Pa.  The 
deposition rates of pentacene, pentacene-d14, and C60 were all approximately 0.3 Å/s, while the 
deposition rate of BCP was approximately 1.0 Å/s.  The film thicknesses and deposition rates 
were monitored with a quartz microbalance.  The active area was 4 mm2.  After the 
encapsulation of the fabricated device in a glove box filled with N2, the J–V relationships were 
measured in air using a source-measurement system (Advantest TR6143) and under AM1.5G 
illumination from a solar simulator (Bunkou Keiki).  The power density of light Pin was 100 
mW/cm2.  A pentacene-d14:C60 BHJ film was formed at room temperature on the cleaned ITO-
coated glass substrate at 5.0 × 10–4 Pa by the vacuum co-deposition method at a rate of 0.3 Å/s.  
The volume ratio in BHJ films was 1:1, and the thickness of the film was 200 nm. 
 Raman spectra were measured at room temperature on a Raman microscope (Renishaw 
InVia Reflex) with excitation at 785 nm in the backscattering configuration.  A 50× objective 
with a numerical aperture of 0.75 (Leica N PLAN) was used, the spectral resolution was 2.9 cm−1.  
IR spectra were measured on an FT-IR spectrometer (Digilab FTS-7000) with a resolution of 4 
cm−1.  The molecular structure, harmonic wavenumbers, Raman activities (Å4/amu), and 
infrared intensities (km/mol) were calculated using the DFT method with the B3LYP functionals 
at the 6-311+G** basis set using Gaussian 09 [11].  The calculated wavenumbers were scaled 
using the equation 𝜈𝜈�obs/𝜈𝜈�calc = 1.0087−0.0000163(𝜈𝜈�calc/cm−1) [12], and the Raman activities were 
transformed into theoretical Raman intensities by multiplying the wavenumber factor [13].  
Furthermore, the calculated Raman and infrared spectra were reproduced using Lorentzian line 
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shapes with widths of 5.2 and 4.8 cm−1, respectively.  They were the averages of the observed 
bands. 
  
 
3.3   Results and Discussion 
 
3.3.1   J‒V characteristics 
  
 The calculated zero-point energies of pentacene and pentacene-d14 were 7.78 eV and 
6.53 eV, respectively.  Thus, VOC would increase by 1.25 V upon deuteration.  Figure 3.3 shows 
the J–V curves of a solar cell with the ITO/PEDOT:PSS/pentacene (or pentacene-d14)/C60/BCP/Al 
structure under AM1.5G illumination.  The pentacene/C60 device exhibited Voc of 0.32 V, Jsc of 
6.9 mA/cm2, FF of 0.45, and η of 0.99 %.  This result is comparable to that of a previous report 
[6].  For a pentacene-d14/C60 planar OSC, VOC was 0.34 V, JSC was 6.1 mA/cm2, FF was 0.51 and 
η was 1.1 %.  Thus, there is no significant difference in the device performance between 
pentacene/C60 and pentacene-d14/C60 based devices.  Contrary to the expectation, the effect of 
deuterated substitutions on VOC is extremely small. 
The unexpected result of an effect on Voc is discussed below.  Initially, it was expected 
that pentacene’s HOMO energy would decrease due to the decrease of the zero-point energy by 
deuteration, leading to the enhancement of Voc due to the increase of the difference between the 
HOMO energy of pentacene and the LUMO energy of C60.  However, this hypothesis was based 
on a misinterpretation of the origin of Voc.  It is appropriate for the origin of Voc to be interpreted 
as the difference between the ionization energy of a p-type organic semiconductor and the electron 
affinity of an n-type organic semiconductor.  The ionization energy is determined by the 
difference between the energy levels of the neutral and ionized states.  Deuteration probably 
decreases not only the zero-point energy of the neutral, but also that of the ionized states (Figure 
3.4).  Thus, the effect of the deuteration on Voc would be small.  FF value of the pentacene-d14 
cell is slightly higher than that of the pentacene cell.  This is originated from the change of 
crystallinity, molecular orientations or morphology of the pentacene layer due to the weak non-
covalent intermolecular interactions induced by deuteration. 
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3.3.2   Raman spectra of pentacene-d14 
 
 The symmetry of a pentacene molecule is D2h.  The molecular plane is taken as the yz 
plane, and the molecular long axis is along to the z axis.  The vibrational irreducible 
representations of the molecule are 18Ag + 9B1g + 7B2g + 17B3g + 8Au + 17B1u + 17B2u + 9B3u, 
where the Ag, B1g, B2g, and B3g modes are Raman-active.  Except for the CD stretching vibrations, 
Raman-active vibrations are 14Ag + 9B1g + 7B2g + 14B3g. 
The observed Raman spectrum of pentacene-d14 crystalline powders and the calculated 
Raman spectrum of pentacene-d14 are shown in Figure 3.5.  The calculated and observed 
wavenumbers, and intensities of the Raman spectra are listed in Table 3.1.  The assignment of 
the observed bands of pentacene-d14 are shown in Table 3.1.  In the Raman spectrum between 
1400 and 1300 cm−1, strong bands were observed at 1366, 1357 and 1346 cm−1 were observed, 
while the calculated spectrum showed only two bands at 1383 and 1368 cm−1.  In this range, the 
result of the calculation is not consistent with the observed spectrum.  The observed 1366 and 
1346 cm−1 bands can tentatively be assigned to the Ag fundamental bands.  The 1357 cm−1 band 
can probably be assigned to a combination band, for example, the 786 (B3u) and 572 (B3u) bands; 
alternatively, the split bands at 1366 and 1357 cm−1 may be due to a Fermi resonance.  As 
described in Chapter 2, the value of R = I(1596, B3g)/I(1533, Ag) is sensitive to the molecular 
orientation [14,15].  The 1596 and 1533 cm−1 bands of pentacene correspond to the 1578 and 
1509 cm−1 bands of pentacene-d14, respectively.  Thus, the R value of pentacene-d14 represents 
the intensity ratio I(1578, B3g)/I(1509, Ag), which will also be sensitive to the molecular 
orientation of pentacene-d14.  Very weak bands at 806, 647, 641, and 627 cm−1 are assignable to 
the B1g species.  Very weak bands observed at 785 and 592 cm−1 are assignable to the B2g species. 
 
3.3.3   IR spectra of pentacene-d14 
 
 Figure 3.6 shows the observed IR spectrum of a KBr disk of pentacene-d14 crystalline 
powders and the calculated IR spectrum of pentacene-d14. The IR active vibrations are 14B1u + 
13B2u + 9B3u.  The Ag, B3g, B1u, and B2u vibrations are in-plane modes, and the other vibrations 
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are out-of-plane modes.  The transition dipole moment of each B1u band is along the z axis.  The 
transition dipole moment of each B2u band is along the y axis.  The observed peak wavenumbers, 
intensities, and assignments are listed in Table 3.2.  The IR bands observed at 1244, 830, 823, 
and 598 cm−1 are probably assigned to the B1u species, and the bands at 1600, 1271, 1229, 881, 
and 549 cm−1 to the B2u species.  The IR bands at 786, 762, 683, and 572 cm−1 are assignable to 
out-of-plane vibrations due to the B3u species.  The strong band at 786 cm−1 is assigned to the 
in-phase CD out-of-plane bending mode. 
 
3.3.4   Raman spectra of the pentacene-d14:C60 BHJ film 
 
 The Raman spectra of the pentacene:C60 and pentacene-d14:C60 BHJ films are shown in 
Figure 3.7.  The observed peak wavenumbers, intensities, and assignments are listed in Table 
3.3.  The downward shifts in the wavenumber of the bands associated with pentacene-d14 were 
observed, whereas the bands associated with C60 showed no shift.  The vibrational irreducible 
representation of a C60 molecule having Ih symmetry is 2Ag + 3F1g + 4F2g + 6Gg + 8Hg + 1Au + 
4F1u + 5F2u + 6Gu + 7Hu.  The 2Ag and 8Hg modes are Raman-active.  The bands observed at 
1462 cm−1 in Figure 3.7a and b are assignable to an Ag(2) mode of C60.  The 511-cm−1 band of 
the pentacene-d14:C60 BHJ film corresponds to the 514-cm−1 band of the pentacene:C60 film, is 
assignable to a silent F1u mode, as described in Chapter 2.  The 492- and 431-, and 270-cm−1 
bands of the pentacene:C60 film was assigned to Ag(1), Hg(2), and Hg(1) modes, respectively, of 
C60.  The 453- and 256-cm−1 bands of the pentacene:C60 BHJ film were assigned to the splitting 
or the shift of degenerate Hg modes, as shown in Chapter 2.  The 453- and 256-cm−1 bands of 
the pentacene-d14:C60 BHJ film correspond to the 453-, and 253-cm−1 bands, respectively, of the 
pentacene:C60 film.  This result confirms that these bands are associated with the degenerate Hg 
mode of C60.   
 
3.4   Conclusions 
 
 In this chapter, the effect of deuteration on the performance of a pentacene/C60 planar 
OSC and the solid structure of a pentacene-d14:C60 BHJ film were investigated.  The deuteration 
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of pentacene did not show significant improvement of PCE in the pentacene/C60 planar OSC.  
This indicates that a decreasing zero-point energy does not alter the Voc and the change of the 
solid structure induced by deuteration does not change η.  Using DFT calculation at the 
B3LYP/6-311+G** level and the wavenumber-linear scaling method, the 785-nm excited Raman 
and IR spectra of synthesized pentacene-d14 were assigned on the basis of the theoretical Raman 
and infrared spectra.  The 785-nm excited Raman spectra of pentacene-d14:C60 BHJ films were 
measured.  The shifts of pentacene-d14 bands upon deuteration and no shift of the C60 bands were 
observed in the relevant spectra.  The 511-, 453-, and 256-cm−1 bands, which were observed 
only in pentacene:C60 BHJ films, did not show large deuteration shifts.  This result indicates that 
the 511-, 453-, and 256-cm−1 bands can be attributed to C60.  These bands are probably originated 
from the activation of the silent modes, and splitting or shifts of Hg bands of C60, as shown in 
Chapter 2.  
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Figure 3.1 Effect of deuteration on the zero-point energy 
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Figure 3.2  Chemical structures of pentacene, pentacene-d14, and C60 
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Figure 3.3  J–V characteristics of an ITO/PEDOT:PSS/pentacene/C60/BCP/Al cell (black line) 
and an ITO/PEDOT:PSS/pentacene-d14/C60/BCP/Al cell (red line) 
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Figure 3.4   Effect of deuteration on the ionization energy 
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Figure 3.5  (a) Observed Raman spectrum of crystalline powders of pentacene-d14 and (b) the 
calculated Raman spectrum of pentacene-d14 (Ref 16) 
  
66 
 
 
 
 
Figure 3.6  (a) Observed infrared spectrum of a KBr disk of pentacene-d14 crystalline powders 
and (b) calculated infrared spectrum of pentacene-d14. (Ref 16) 
 
. 
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Figure 3.7 Raman spectra of (a) pentacene:C60 and (b) pentacene-d14:C60 BHJ films (Ref 16) 
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Scheme 3.1  Synthetic approach of pentacene-d14 (Ref 16) 
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Table 3.1 
Calculated and observed peak wavenumbers (cm−1) and intensities of the Raman bands of 
pentacene-d14. 
Symmetry Species Calculated Relative intensities Observed  Intensities 
Ag 1520 9.4 1509 s 
 1503 6.3 ‒‒‒ ‒‒‒ 
 1387 0.6 ‒‒‒ ‒‒‒ 
 1383 100 1366 s 
 1368 25 1346 vs 
 1213 0.3 1204 w 
 962 0.7 948 w 
 847 4.8 839 m 
 843 4.6 ‒‒‒ ‒‒‒ 
 726 10 721 w 
 701 0.3 695 vw 
 624 < 0.1  ‒‒‒ ‒‒‒ 
 592 1.0 580 w 
 256 5.0 259 w 
B1g 844 < 0.1 ‒‒‒ ‒‒‒ 
 817 < 0.1 806 vw 
 768 < 0.1 ‒‒‒ ‒‒‒ 
 654 < 0.1 647 vw 
 641 < 0.1 641 vw 
 626 0.4 627 vw 
 484 < 0.1 ‒‒‒ ‒‒‒ 
 318 < 0.1 ‒‒‒ ‒‒‒ 
 136 0.1 ‒‒‒ ‒‒‒ 
B2g 796 0.1 785 vw 
 740 0.2 ‒‒‒ ‒‒‒ 
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 599 < 0.1 592 vw 
 429 0.9 ‒‒‒ ‒‒‒ 
 399 < 0.1 ‒‒‒ ‒‒‒ 
 276 0.5 ‒‒‒ ‒‒‒ 
 97 0.3 ‒‒‒ ‒‒‒ 
B3g 1607 < 0.1 ‒‒‒ ‒‒‒ 
 1579 15 1578 s 
 1529 < 0.1 ‒‒‒ ‒‒‒ 
 1268 0.4 ‒‒‒ ‒‒‒ 
 1233 0.5 ‒‒‒ ‒‒‒ 
 1035 < 0.1 ‒‒‒ ‒‒‒ 
 1031 < 0.1 ‒‒‒ ‒‒‒ 
 900 1.3 893 vw 
 889 0.2 881 vw 
 833 0.7 827 w 
 686 0.1 680 vw 
 490 3.8 480 m 
 425 1.0 417 w 
 225 0.4 228 vw 
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Table 3.2 
Calculated and observed peak wavenumbers (cm−1) and intensities of the infrared bands of 
pentacene-d14. 
Symmetry 
Species 
Calculated Intensities / km/mol Observed Intensities 
B1u 1521 5.4 1515 vw 
 1475 2.2 1468 vw 
 1398 8.7 ‒‒‒ ‒‒‒ 
 1370 0.6 ‒‒‒ ‒‒‒ 
 1275 1.9 ‒‒‒ ‒‒‒ 
 1257 2.7 1244 vw 
 1083 0.56 ‒‒‒ ‒‒‒ 
 885 < 0.1 ‒‒‒ ‒‒‒ 
 845 5.1 830 w 
 841 3.5 823 w 
 733 < 0.1 ‒‒‒ ‒‒‒ 
 696 3.9 ‒‒‒ ‒‒‒ 
 613 6.1 598 vw 
 473 8.4 ‒‒‒ ‒‒‒ 
B2u 1613 2.8 1600 vw 
 1575 < 0.1 ‒‒‒ ‒‒‒ 
 1417 < 0.1 ‒‒‒ ‒‒‒ 
 1275 13.3 1271 s 
 1216 1.9 1229 vw 
 1048 < 0.1 ‒‒‒ ‒‒‒ 
 960 0.5 ‒‒‒ ‒‒‒ 
 893 10.7 881 w 
 830 0.7 ‒‒‒ ‒‒‒ 
 781 0.2 ‒‒‒ ‒‒‒ 
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 557 2.2 549 vw 
 338 0.1 ‒‒‒ ‒‒‒ 
 113 0.9 ‒‒‒ ‒‒‒ 
B3u 802 28.8 786 vs 
 775 11.7 762 s 
 691 11.4 683 m 
 581 35.5 572 vs 
 408 6.4 ‒‒‒ ‒‒‒ 
 396 38.6 ‒‒‒ ‒‒‒ 
 337 < 0.1 ‒‒‒ ‒‒‒ 
 184 1.2 ‒‒‒ ‒‒‒ 
 36 0.4 ‒‒‒ ‒‒‒ 
Au 837 0 ‒‒‒ ‒‒‒ 
 797 0 ‒‒‒ ‒‒‒ 
 720 0 ‒‒‒ ‒‒‒ 
 640 0 ‒‒‒ ‒‒‒ 
 622 0 ‒‒‒ ‒‒‒ 
 468 0 ‒‒‒ ‒‒‒ 
 220 0 ‒‒‒ ‒‒‒ 
 65 0 ‒‒‒ ‒‒‒ 
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Table 3.3 
Peak wavenumbers (cm−1) and assignments of Raman bands of pentacene:C60 and pentacene-
d14:C60 BHJ films. 
Pentacene:C60 Pentacene-d14:C60 
Wavenumbers Assignments Wavenumbers Assignments 
1596 Pentacene (B3g) 1576 Pentacene-d14 (B3g) 
1532 Pentacene (Ag) 1508 Pentacene-d14 (Ag) 
1462 C60, Ag(2) 1462 C60, Ag(2) 
1409 Pentacene (Ag) 1364 Pentacene-d14, (Ag) 
1371 Pentacene (Ag) 1356 Pentacene-d14 (Ag) 
1352 Pentacene (Ag) 1344 Pentacene-d14 (Ag) 
1178 Pentacene (Ag) 1204 Pentacene-d14 (Ag) 
1156 Pentacene (B3g) 950 Pentacene-d14 (Ag) 
997 Pentacene (Ag) 838 Pentacene-d14 (Ag) 
  772 C60 Hg(4) 
  721 Pentacene-d14 (Ag) 
603 Pentacene (Ag) 580 Pentacene-d14 (Ag) 
514 C60 F1u(1) 511 C60 F1u(1) 
502 Pentacene (Ag)   
492 C60 Ag(1) 493 C60 Ag(1) 
  480 Pentacene-d14 (B3g) 
453 C60 Hg(2) 453 C60 Hg(2) 
445 Pentacene (B3g)   
431 C60 Hg(2) 431 C60 Hg(2) 
  415 Pentacene (B3g) 
268 C60 Hg(1), Pentacene (Ag) 270 C60 Hg(1), Pentacene (Ag) 
253 C60 Hg(1) 256 C60 Hg(1) 
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Chapter 4   Raman Study on the Solid Structure of PCPDTBT:PC71BM 
BHJ Films 
 
4.1   Introduction 
 
In this chapter, the study on the solid structure of PCPDTBT:PC71BM BHJ film is 
described.  PCDPTBT (Figure 4.1a) is a low-bandgap polymer with a bandgap of 1.46 eV.  In 
2006, Brabec et al. [1] reported an OSC with PCPDTBT and PC71BM (Figure 4.1b) achieved the 
η value of 3.16 %.  The authors expected that the JSC of 17 mA/cm2, VOC of 0.7 V, FF of 0.6, and 
η value of 7 % could be achieved based on the external quantum efficiency measured, 1.2 eV of 
the difference in the HOMO–LUMO energy between PCPDTBT and PC71BM, and the carrier 
mobility in a BHJ film.  Peet et al. [2] reported the improvement of the η value to 5.5% by 
preparing a BHJ film from a solution mixed with an ODT additive.  It has been reported that 
mixing additives into a solution induces the phase separation and improves hole mobility via the 
formation of π–π aggregates [3–7].  However, theη value was still less than 6 %.  
The manipulation of a solid structure is important for further improvement of η.  As 
mentioned in Chapter 1, it is known that thermal annealing is not effective for the manipulation 
of the solid structures of BHJ films fabricated with low-bandgap polymers.  In the study on low-
bandgap polymer OSCs, many performance improvements have been made using the BHJ film 
prepared from a solution with a small amount of an additive [8].  Instead of thermal annealing, 
SVA has been employed [9,10].  Liu et al. [9] reported that SVA treatment with CS2-THF mixed 
solvent induced the crystallization of PCDTBT and the aggregation of PC71BM in the 
PCDTBT:PC71BM BHJ film, thereby improving carrier generation efficiency and mobility and 
improving PCE [9].  In PTB7-based OSCs, the improvement of η by SVA with a polar solvent 
such as methanol was reported, whereas detailed solid structure analysis was not carried out [10].  
Although there are many unclear points, the authors predicted that this improvement in η is due 
to the aggregation of PC71BM [10].  It was reported that highly crystalline PCPDTBT is formed 
by performing CS2 and CB SVA on PCPDTBT film [11‒13].  From the structural analysis results 
using XRD and ED [13], it was found that PCPDTBT has an orthorhombic crystal structure (a = 
1.24 nm, b = 1.93 nm, c = 2.36 nm, and α = β = γ = 90°) belonging to the Pccn space group.  In 
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these crystal cells, the main chain of PCPDTBT is parallel to the c axis.  The reported crystal 
structures are shown in Figure 4.2.  
In the Raman spectrum of a PCPDTBT film, it has been reported that the shape and peak 
position of the band at ~1345 cm−1 depends on the preparation condition of the film; this band 
was decomposed into a 1343 cm−1 band (ordered region) and 1353 cm−1 band (disordered region) 
[14].  In addition, the Raman spectra of PCPDTBT:PC61BM (1:3 by weight) BHJ film using 
various excitation wavelengths were reported, and the observed bands were assigned on the basis 
of a DFT calculation.  The band at ~1345 cm−1 is a mixture of the in-plane CH bending mode of 
benzothiazole and C=C stretching mode of the five-membered ring [15].  
 XRD is commonly used for the investigation of the formation of π‒π aggregation in 
PCPDTBT BHJ films prepared from the mixed solvent with additives [3‒7].  The XRD patterns 
show that PCPDTBT:PC71BM BHJ films are amorphous.  However, when BHJ films are 
prepared using solvents containing DIO and ODT, a q ≈ 5.5 nm−1 (d = 1.1 nm) peak attributed to 
PCPDTBT appears and broad peak attributed to PC71BM appears.  In addition, an absorption 
band derived from π stacking appears at 800 nm in BHJ film using additives for the preparation 
[2,16].  On the other hand, the influence of SVA treatment on the solid structure of a BHJ film 
has not been fully clarified.  SVA induced the crystallization of PCPDTBT in the single-layer 
film [10].  However, the effects of SVA on the solid structure of a BHJ film could differ from 
those in single-layer film, as there are complicated interactions among the other material. 
 Raman spectroscopy was used for determining the crystalline fractions of conventional 
polymers, such as polyethylene [17–19], polyethylene terephthalate [20], polystyrene [21] and 
polypropylene [22].  The crystalline fractions were determined from the relative intensities of 
the marker bands originating from crystalline and amorphous states.  The crystalline fraction 
determined by Raman spectroscopy showed a good correlation with the crystallinity analyzed by 
DSC [21].  Research on polystyrene also considered the correlation with the results of XRD, but 
it has been pointed out that the correlation is poor when the crystalline fraction is small [21].  For 
thin films, it is difficult to study the crystallinity by DSC.  Furthermore, Raman spectroscopy 
was used for determining the crystalline fraction of P3HT [23–26].  Raman spectroscopy is also 
suitable for the analysis of amorphous as well as crystalline states.  In this study, the solid 
structure of PCPDTBT:PC71BM was analyzed by use of Raman spectroscopy and XRD, focusing 
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on the crystalline fraction of PCPDTBT.   
 
4.2   Experimental methods 
 
4.2.1   Sample preparation 
 
PCPDTBT was purchased from Sigma‒Aldrich.  PC71BM was purchased from 
Nanocarbon and no further purifications were performed.  CF and isopropyl alcohol were 
purchased from Junsei Chemical, while acetone, CB, n-hexane, cyclohexane, and CS2 were 
purchased from Kanto Chemical.  THF and ODT were purchased from the Tokyo Chemical 
Industry, diethyl ether and DIO were purchased from Wako Pure Chemical Industries and Sigma‒
Aldrich, respectively.   
A quartz substrate was cleaned by sonication in aqueous detergent solution, pure water, 
acetone, and isopropyl alcohol for 5 min each, followed by UV/ozone treatment for 30 min.  The 
PCPDTBT films were prepared on the substrates by spin-coating at 1200 rpm for 60 s using a 
solution of PCPDTBT (10 mg/mL) at room temperature in ambient air.  The solvents used for 
preparing the PCPDTBT films were CF and CB.  The PC71BM films were prepared by spin-
coating using a 20 mg/mL solution of PC71BM in CB.  The PCPDTBT:PC71BM BHJ films were 
prepared by spin-coating at 1200 rpm for 60s using 30 mg/mL of PCPDTBT and PC71BM (1:2 by 
weight) solution; the other conditions were the same as those described above.  In the 
preparation of BHJ films with solution with additive, 3 vol% DIO or ODT was added in the CB 
solution. 
SVA was performed using CS2, THF, diethyl ether, acetone, n-hexane, isopropyl alcohol, 
cyclohexane, and other solvents.  Films spin-coated from the CF solutions were placed in a 50-
mL beaker, and 150 µL of annealing solvent was placed at the bottom of the beaker.  The beaker 
containing the film and solvent was sealed using Parafilm and aluminum foil as covers.  For the 
PCPDTBT films, a hole was made in the cover 5 min after sealing, and extra holes were made 
every 5 min to gradually decrease the vapor pressure.  The annealed film was dried after four 
extra holes were made.  For the PCPDTBT:PC71BM BHJ films, a hole was made in the cover 1 
min after sealing, and the subsequent steps were the same as described above.  SVA was 
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performed at room temperature in ambient air.  The solubilities of PCPDTBT and PC71BM to 
solvents were studies using 5 mg of PCPDTBT and PC71BM powders. 
 
 
4.2.2   Characterization 
 
Raman spectra were measured on a Renishaw inVia Raman microscope with excitation 
at 532, 633, 785, and 830 nm and with a ×50 objective lens (NA, 0.75).  The spectral resolutions 
were 5.2, 3.3, 2.9, and 3.3 cm−1 for 532, 633, 785, and 830 nm excitations, respectively.  The 
typical laser powers were 160 µW, 340 µW, 3 mW, and 6 mW for 532, 633, 785, and 830 nm 
excitations, respectively.  The Raman spectra of films were measured using a rotating sample 
cell to prevent thermal degradation induced by light irradiation.  In the measurements of the 
cross sections of Raman bands attributed to the crystalline and amorphous regions of PCPDTBT, 
the PCPDTBT films were quenched after being heated to 290 °C using a Linkam 10033 heating 
stage; the Raman spectra of the same point of the film before and after quenching were measured 
with the laser power of 8.2 μW to prevent degradation.  The Raman spectra between 1210 and 
1480 cm−1 were decomposed with a least-squares fitting method using the Renishaw Wire 3.1 
program.  A band shape composed of a linear combination of the Lorentzian and Gaussian 
functions was used. 
Visible absorption spectra were measured on a JASCO V-570 spectrometer.  POM 
images were taken on a Leica DM-LM microscope.  Two polarizers were arranged to be in a 
cross Nicol alignment.  A ×20 objective lens (NA, 0.40) was used in the POM measurements.  
The grazing incident XRD patterns in the out-of-plane direction were measured on a Rigaku 
RINT-Ultima X-ray diffractometer with the Cu-Kα1 line (λ = 0.15418 nm).  The observed 
diffraction lines were fitted with a Lorentzian function.  The width, ∆2θ, of the diffraction from 
a Si crystal was 0.35°, and the ∆2θ value of the diffractions from samples was corrected by 
subtracting 0.35° from the observed value [27]. 
 
4.3   Results and discussion 
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4.3.1   PCPDTBT films 
 
The visible absorption spectrum of a PCPDTBT film prepared from a CB solution is 
shown in Figure 4.3.  A medium absorption peak at 416 nm and a strong absorption peak at 742 
nm were observed.  These absorption bands are attributable to π–π* transitions.  The Raman 
spectra of a PCPDTBT film prepared from a CB solution are shown in Figure 4.4.  The strong 
photoluminescence emission from PCPDTBT hindered the detection of Raman bands with 
excitation at 785 or 830 nm.  Since the 532- and 633-nm lines are located far from the strong 
emission, Raman spectra with 532- and 633-nm excitation were observed.  In the 532- and 633-
nm excited Raman spectra, the strongest bands were observed at 1350 and 1345 cm−1, respectively, 
they were assigned to the mixing of the in-plane CH bending mode of the benzothiadiazole and 
the C=C stretching mode of the five-membered ring [15].  The downward shift in the 
wavenumber can be interpreted by considering the co-existence of ordered and disordered regions. 
 
4.3.2   CS2 vapor-annealed PCPDTBT film 
 
The POM images of PCPDTBT films prepared from a CF solution before and after CS2 
SVA are shown in Figure 4.5.  Tiny crystalline regions were observed in the POM image of the 
film before CS2 SVA.  Large bright regions were observed in the POM image of the film after 
CS2 SVA, which is consistent with previous results [11].  These findings indicate that the as-
prepared PCPDTBT film is mostly amorphous with tiny crystalline regions.  CS2 SVA increased 
the size and content of the crystalline regions. 
The XRD patterns of PCPDTBT films prepared from a CF solution before and after CS2 
SVA are shown in Figure 4.6.  In the XRD pattern of the CS2-annealed film, a diffraction peak 
was observed at 2θ = 8.6°, corresponding to a d spacing of 1.0 nm.  This peak is attributed to the 
(020) plane.  Under Pccn symmetry, the reflection from the (010) plane is missing.  Thus, b = 
2.0 nm, which is in agreement with the value of 1.93 nm in previous papers [12,13].  These 
results of the POM images and XRD patterns indicate that crystallization occurs in the PCPDTBT 
film upon CS2 SVA.  The crystallite size, L, can be estimated from the Scherrer’s equation [8]: 
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where λ is the X-ray wavelength, θ is the Bragg’s angle, and Δ2θ is the FWHM of the diffraction 
peak.  Note that the validity of the Scherrer’s equation for extremely small or extremely large 
crystallites is still under discussion.  Thus, the absolute sizes may be different from the value 
estimated from Scherrer’s equation.  However, it is considered that the values obtained from 
Scherrer’s equation allow a relative comparison of the various samples.  The corrected Δ2θ value 
of the (020) diffraction peak was 0.17°, resulting in an L of 47 nm. 
 The visible absorption spectra of the PCPDTBT film prepared from a CF solution and 
treated by CS2 SVA are shown in Figure 4.7.  Peaks at 681 and 742 nm were observed after CS2 
SVA.  This result is comparable to that of a previous paper, although the relative intensities of 
the peaks are reversed [11].  The 532-nm excited Raman spectra of the PCPDTBT film before 
and after CS2 SVA are shown in Figure 4.8.  The 1348-cm−1 band of the as-prepared film shows 
downward shift to 1344 cm−1 after CS2 SVA.  van der Berg et al. [14] reported that the peak 
wavenumber and the width of the band at ~1345 cm−1 are sensitive to the preparation conditions.  
It is assumed that there are ordered and disordered regions in a PCPDTBT film, as van der Berg 
et al. [14] reported.  In a regioregular P3HT film, s-trans planar chains form ordered regions, 
whereas non-planar chains twisting around inter-ring CC bonds form disordered regions [24].  In 
PCPDTBT films, non-planar chains also twist around inter-ring CC bonds to form disordered 
regions.  Hereafter the ordered and disordered regions are called as the crystalline and 
amorphous regions, respectively. 
 The band at ~1345 cm−1 was decomposed into the two bands attributable to the 
crystalline and amorphous regions.  The other bands around 1269, 1323, 1392, and 1426 cm−1 
are attributable to the overlaps of the bands of the crystalline and amorphous regions, as these 
bands are not sensitive to the preparation conditions.  A least-squares fitting method was used 
for decomposition of the observed spectra.  The peak wavenumber of the crystalline band was 
fixed at 1344 cm−1, which was the peak wavenumber in the spectrum of the PCPDTBT film after 
CS2 SVA.  The initial peak wavenumbers were 1269, 1323, 1344, 1350, 1392, and 1426 cm−1. 
The initial widths and the initial Gaussian contents of all the bands were 20 cm−1 and 50%, 
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respectively.  Figure 4.8 shows the decomposed bands as dashed lines and fitted bands as solid 
lines, the fitted parameters of the bands are shown in Table 4.1. 
A Raman integrated intensity, I, can be expressed by [27] 
 
0
I K NIσ=    (4.2) 
 
where N is the number density of the repeating unit of PCPDTBT, σ  is the cross section of a 
Raman scattering band, I0 is the power of the exciting laser light; and K is a constant.  The 
crystalline fraction XC can be calculated from the following equation: 
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where IC and IA are the integrated intensities of the crystalline and amorphous bands, respectively; 
NC and NA are the number densities of the repeating unit of PCPDTBT in the crystalline and 
amorphous regions; and σC and σA are the cross sections of the crystalline and amorphous bands.  
The ratio of σC to σA was determined from the Raman measurements at the same position of the 
PCPDTBT film annealed by CS2 SVA before and after heating to 290 °C and quenching.  The 
observed spectra were decomposed into the crystalline and the amorphous bands using least-
squares fitting, as shown in Figure 4.9.  The intensity of the crystalline band decreased and that 
of the amorphous band increases after quenching.  The σC/σA value was determined from the 
ratio of the decrease of the crystalline band to the increase of the amorphous band; this value was 
calculated to be 1.04.  The IA/IC and XC values of the as-prepared films and CS2- and THF-
annealed films are listed in Table 4.2 with corrected Δ2θ and L values obtained by XRD.  The 
CS2-annealed film showed the highest crystalline fraction. 
 
4.3.3   PCPDTBT:PC71BM BHJ films 
 
The visible absorption spectrum of a PCPDTBT:PC71BM BHJ film (1:2 by weight) 
prepared from the CB solution is shown in Figure 4.10.  The observed spectrum is ascribed to 
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the superimposition of the spectra of PCPDTBT and PC71BM.  The spectrum of a PC71BM film 
is shown in Figure 4.11.  Figure 4.12 shows the Raman spectra of a PCPDTBT:PC71BM BHJ 
film (1:2 by weight) measured with the 532-, 633-, 785-, and 830-nm laser lines.  In the case of 
the PCPDTBT film (Figure 4.4), no Raman bands were observed with 785- and 830-nm excitation.  
These results indicate.  These results indicate that the fluorescence of PCPDTBT and PC71BM 
is quenched in the BHJ film.  This quenching shows that effective exciton dissociations occur at 
the PCPDTBT/PC71BM interfaces.  The PCPDTBT bands at approximately 1350 and 1427 cm−1 
shifted to lower wavenumber as the excitation wavelength increases.  It was reported previously 
that the formation of π-aggregates of PCPDTBT leads to the appearance of a clear absorption 
peak at 800 nm [2,16].  Thus, the 830-nm excited Raman spectrum probably originates from this 
aggregation by resonance Raman enhancement.  This indicates the existence of a small amount 
of π-aggregates in the BHJ film, even when prepared from a CB solution. 
 The Raman bands of both PCPDTBT and PC71BM samples were observed with 
excitation at only 532 nm.  Only PCPDTBT bands were observed with excitation at 633, 785 
and 830 nm.  The PC71BM bands are enhanced by the resonance Raman effect, as the 532-nm 
line is located within the absorption of PC71BM (Figure 4.11).  The PCPDTBT bands are not 
enhanced, because the 532-nm line is situated between the 720- and 416-nm absorption bands 
(Figure 4.3).  Figure 4.13 shows the Raman spectrum of PC71BM crystalline powders and its 
decomposed spectrum, while the fitted parameters are listed in Table 4.3.  PC71BM bands are 
observed at 1191, 1231, 1261, 1337, 1373, 1430, 1448, 1457, 1469, 1515, 1541, and 1567 cm−1.  
The observed 1191-, 1231-, and 1567-cm−1 bands of the BHJ film are attributed to PC71BM: the 
1337-, 1373-, 1430-, 1448-, 1457-, 1469-, 1515-, and 1541-cm−1 bands of the BHJ film overlaps 
of the bands of PCPDTBT and PC71BM. 
 The visible absorption spectra of a PCPDTBT:PC71BM BHJ (1:2 by weight) film (a) 
prepared from a CF solution and the film after SVA with (b) CS2 or (c) THF are shown in Figure 
4.14.  The spectrum of the BHJ film before SVA is attributed to the superposition of PCPDTBT 
and PC71BM spectra.  In contrast, absorption between 450 and 650 nm is greater in the spectra 
of the CS2 and THF vapor-annealed BHJ films.  The most likely explanation for this is that the 
absorption band of PCPDTBT was broadened upon CS2 and THF SVA; such absorption increases 
were not observed upon SVA with other solvents. 
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 The Raman spectra of PCPDTBT:PC71BM BHJ (1:2 by weight) films prepared from a 
CF solution and then treated by CS2 and THF SVA are shown in Figure 4.15.  XC values of these 
BHJ films were determined using Equation (4.3).  The 1337- and 1372-cm−1 bands of PC71BM 
overlapped with PCPDTBT band at ~1345 cm−1, which is the crystalline/amorphous marker.  
Observed 532-nm excited spectra in the range from 1210 to 1480 cm−1 was decomposed.  The 
crystalline/amorphous marker at ~1345 cm−1 was decomposed into the crystalline and the 
amorphous regions.  The peak wavenumber, width, and shape of the crystalline band were fixed 
at 1344 cm−1, 14.9 cm−1, and G% = 57%, respectively, which were obtained from the CS2-
annealed crystalline PCPDTBT film; the peak wavenumber, width, and shape of the amorphous 
band were fitted.  PCPDTBT bands attributed to the mixing of crystalline and amorphous 
regions were fitted as the PCPDTBT film were fitted in Section 4.2.  The peak wavenumbers, 
relative intensities, widths, and shapes of eight PC71BM bands (Table 4.3) were fixed.  These 
values were fixed when the band decomposition of PCPDTBT:PC71BM Raman spectra was 
demonstrated.  Since the 1323-cm−1 PC71BM band does not overlap with PCPDTBT bands, the 
intensities of the PC71BM bands were determined relative to the intensity of the 1323-cm−1 band.  
The resulting crystalline and amorphous bands are shown as red and blue dotted lines, respectively, 
in Figures 4.15.  Here, IA/IC = 1.34 and XC = 0.42 for CS2 annealing, and IA/IC = 0.895 and XC = 
0.52 for THF annealing.  The crystalline fractions increased upon CS2 and THF annealing.  The 
obtained IA/IC and ΧC values for BHJ films annealed with various solvents are listed in Table 4.4.  
CS2 and THF vapor annealings lead to the significant increase of the crystalline fraction in the 
BHJ films.  The highest XC value (0.52) occurred with THF vapor annealing. 
 The XRD patterns of the PCPDTBT:PC71BM BHJ (1:2 by weight) films prepared from 
a CF solution and annealed with CS2 or THF are shown in Figure 4.16.  A diffraction peak at 2θ 
= 8.7° was observed in the XRD pattern of the BHJ film treated using CS2 SVA (Figure 4.16a). 
This result indicates that crystalline regions are formed upon CS2 SVA.  This diffraction peak 
was assigned to the (020) plane under Pccn symmetry, and the d spacing was calculated to be 1.0 
nm.  Thus, b = 2.0 nm, which is comparable to its value of 1.93 nm for PCPDTBT crystals in 
the previous paper [12].  The diffraction peak was fitted with a Lorentzian function.  The ∆2θ 
was 0.83° for the Lorentzian line, and its corrected ∆2θ value was 0.48°.  Thus, using Equation 
(4.1), L is estimated to be 17 nm.  The XRD pattern of a BHJ film prepared from a CF solution 
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and annealed with THF exhibited an asymmetric peak between 7 and 10° (Figure 4.16b).  This 
peak was decomposed into two Lorentzian peaks; one peak is at 2θ =8.0° and has ∆2θ = 0.88° 
(corrected ∆2θ = 0.53°), whereas the other peak is at 2θ =9.3° and has ∆2θ = 1.74° (corrected ∆2θ 
= 1.39°).  The former is attributable to the (020) plane of PCPDTBT crystals.  The d spacing 
was calculated to be 1.1 nm, which is slightly larger than the 1.0 nm value found for the CS2-
annealed sample.  Moreover, the L value was calculated to be 15 nm from ∆2θ = 0.53°.  The 
latter is attributable to the PC71BM peak [6].  The L value from ∆2θ = 1.74° (corrected ∆2θ = 
1.39°) was calculated to be 5.8 nm, indicating that PC71BM also forms nano-crystallites [6].  No 
diffraction peaks were observed in the XRD patterns of the PCPDTBT:PC71BM BHJ films treated 
using SVA with other solvents.  Only THF affects the solid structure of PC71BM.  The data are 
listed in Table 4.4. 
The visible absorption spectrum of a PCPDTBT:PC71BM BHJ (1:2 by weight) film 
prepared from CB/DIO is shown in Figure 4.17.  The 800-nm band attributed to π-aggregates 
was not observed.  However, the absorption peak of the PCPDTBT:PC71BM BHJ film prepared 
from CB/DIO (780 nm) is longer than that of the film from the CB solution (742 nm).  This 
probably indicates that although π-aggregates formation was induced by the addition of DIO or 
ODT to the CB solution, the amount of these aggregates was not as large as that reported, 
previously [2,16].  The Raman spectra of PCPDTBT:PC71BM prepared from the CB/DIO and 
CB/ODT solutions and their band decomposition were shown in Figure 4.18.  The XC values of 
BHJ films prepared from the CB/DIO and CB/ODT solutions were 0.36 (Table 4.4).  XRD 
patterns of the BHJ film prepared from the CB/DIO and CB/ODT solution are shown in Figure 
4.19.  XRD patterns of both films showed the peaks at 2θ = 7.5°.  The L values in the BHJ film 
prepared from the CB/DIO and CB/ODT solutions are 14 and 15 nm, respectively.  These results 
are consistent with the increase of XC.  It has been reported that the use of DIO and ODT 
additives improves the PCE of PCPDTBT:PC71BM BHJ OSCs.  Thus, the increase of ΧC is 
probably related to the improvement of the PCE.  ΧC values after CS2 (0.42) and THF (0.52) 
SVA are larger than those in BHJ films prepared from CB/DIO or CB/ODT solutions.  In 
addition, especially THF, the crystallite sizes of PCPDTBT after CS2 and THF SVA are 
comparable to those of the BHJ film prepared from the CB/DIO or CB/ODT solutions.  These 
results suggest that CS2 and THF SVA increase ΧC without changing to the large-scale phase 
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separation.  Thus, it is expected that the SVA with CS2 or THF will improve the PCE of OSCs.  
 The Raman spectra of PC71BM crystalline powders and PCPDTBT:PC71BM BHJ films 
prepared from a CF solution and treated by CS2 or THF SVA are shown in Figure 4.20.  The 
solid structure of PC71BM can be analyzed by the width of the 1567-cm−1 band, because this band 
does not overlap with the PCPDTBT bands.  The FWHM of the band, ν∆  , was measured in the 
range from 1480 to 1600 cm−1.  The ν∆   value for crystalline powders was 11.3 cm−1.  In 
contrast, the ν∆   values ranged from 12.3 to 13.2 cm−1 for the BHJ films prepared from CB and 
CF solutions; the CF solution with SVA with CS2, THF, diethyl ether, acetone, n-hexane, isopropyl 
alcohol, and cyclohexane; and the CB/DIO and CB/ODT solutions.  In general, the width of the 
Raman bands in the amorphous state is larger than that in crystals.  The observed widths of the 
bands of BHJ films were larger than that of the band of the crystalline powders.  Thus, PC71BM 
forms amorphous regions in the BHJ films.  The XRD pattern of the THF-annealed BHJ film 
only showed a broad diffraction peak, indicating the existence of nano-crystallites; however, the 
width of the Raman band did not reflect the presence of such small crystallites. 
 The solubility of PCPDTBT and PC71BM and vapor pressures at 20 °C of the solvents 
used for SVA are listed in Table 4.5.  The solubility values of PCPDTBT and PC71BM of diethyl 
ether, acetone, n-hexane, and isopropyl-alcohol are smaller than those of CS2 and THF.  These 
solvent vapor annealing does not affect the solid structure of a BHJ film.  Thus, the solubility is 
probably an important parameter for the SVA solvent.  However, although cyclohexane has good 
solubility for PCPDTBT, it does not affect the solid structure.  In addition, although THF does 
not have significant solubility for PC71BM, THF SVA enhanced the crystallization of PC71BM.  
The other difference between THF and cyclohexane is vapor pressure.  Relatively high vapor 
pressure may enhance the penetration into the film, leading to the arrangement of the molecular 
formation.  Thus, I suppose that the moderate solubility for the donor and acceptor materials and 
high vapor pressure may be the key parameter for SVA solvents.   
 
4.4   Conclusions 
 
The structure of PCPDTBT:PC71BM BHJ (1:2 by weight) films was investigated using 
Raman spectroscopy and XRD.  The Raman bands of PCPDTBT and PC71BM were observed 
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with excitation at 532 nm.  A broad band at ~1345 cm−1 was decomposed into bands attributed 
to the crystalline (1344 cm−1) and amorphous (~1353 cm−1) regions.  The crystalline fraction, XC, 
was expressed as a function of the intensity ratio of these bands, IA/IC.  The crystalline fraction 
of BHJ films can be quantified using this equation.  The XC values for solvent vapor-annealed 
PCPDTBT:PC71BM BHJ (1:2 by weight) films were determined; THF and CS2 vapor annealing 
dramatically increased the XC values.  The highest crystalline fraction (0.52) was found in 
samples subjected to THF vapor annealing.  The crystallite sizes were estimated from the width 
of the XRD reflection from the (020) plane of PCPDTBT to be 15 and 17 nm for samples treated 
with THF and CS2 vapor annealing, respectively.  In addition, the XRD results showed that nano-
crystallites of PC71BM are formed only due to THF vapor annealing.  Thus, only THF affects 
the structure of solid PC71BM.  The combination of Raman spectroscopy and XRD will be a 
powerful tool for investigating the structures of solid BHJ films in order to enhance the 
performance of low-bandgap polymer OSCs. 
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Figure 4.1  Chemical structures of (a) PCPDTBT and (b) PC71BM 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.2   Crystal structure of PCPDTBT 
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Figure 4.3  Visible absorption spectrum of a PCPDTBT film prepared from the a CB solution 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.4  Raman spectra of a PCPDTBT film prepared from the a CB solution 
Excitation wavelengths are (a) 532, (b) 633, (c) 785, and (d) 830 nm 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.5  POM images of a PCPDTBT film (a) before and (b) after CS2 SVA 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.6  XRD patterns of PCPDTBT films before (black line) and after (red line) CS2 SVA 
Blue dotted line, fitting curve with a Lorentzian function 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.7  Visible absorption spectra of a film prepared from a CF solution 
 (a) before and (b) after CS2 vapor annealing 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.8  Raman spectra of PCPDTBT films prepared from a CF solution (a) before and (b) 
after CS2 SVA.  Black solid line, observed spectra; red solid line, sum of fitted spectra; red 
dashed line, crystalline bands; blue dashed line, amorphous bands; black dashed line, overlapping 
crystalline and amorphous bands. 
 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.9  Raman spectral changes upon heating to 290 °C and quenching.  Red solid line, 
observed spectrum of a PCPDTBT film prepared from a CF solution after CS2 vapor annealing; 
red dashed line, decomposed crystalline band; blue dashed line, decomposed amorphous band.  
Blue solid line, observed spectrum after heating to 290 °C and quenching; red dotted line, 
decomposed crystalline band; blue dotted line, decomposed amorphous band. 
 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.10  Visible absorption spectrum of a PCPDTBT:PC71BM BHJ film (1:2 by weight) 
prepared from the CB solution. 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.11  Visible absorption spectrum of a PC71BM film. 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.12  Raman spectra of a PCPDTBT:PC71BM BHJ (1:2 by weight) film prepared from 
the CB solution.  The excitation wavelengths are (a) 532, (b) 633, (c) 785, and (d) 830 nm. 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.13  The 532-nm excited Raman spectrum of PC71BM crystalline powders. 
Black dotted line, fitted bands between 1210 and 1480 cm−1 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.14  Visible absorption spectra of (a) a PCPDTBT:PC71BM BHJ (1:2 by weight) film 
prepared from a CF solution and the film after SVA with (b) CS2 or (c) THF 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society  
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Figure 4.15  Decomposition of the Raman spectra of (a) the PCPDTBT:PC71BM BHJ (1:2 by 
weight) film prepared from a CF solution, and BHJ film treated by (b) CS2 and (c) THF SVA.  
Solid black lines, observed spectra; solid red lines, total fitted spectra; dotted red lines, bands only 
in the crystalline spectrum; dotted blue lines, bands only in the amorphous spectrum; dotted black 
lines, bands common to both the crystalline and amorphous spectra; dotted green lines, PC71BM 
bands 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.16  XRD patterns of PCPDTBT:PC71BM BHJ (1:2 by weight) films from a CF solution 
(a) after CS2 vapor annealing and (b) after THF vapor annealing.  Blue dotted line, fitting curves 
for PCPDTBT diffraction peak; green dotted line, fitting curve for PC71BM diffraction peak with 
a Lorentz function 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.17  Visible absorption spectrum of a PCPDTBT:PC71BM BHJ (1:2 by weight) film 
prepared from a CB solution containing DIO 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.18  Raman spectra of PCPDTBT:PC71BM BHJ (1:2 by weight) films prepared from (a) 
CB solution, (b) CB/DIO solution, and (c) CB/ODT solution 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.19  Out-of-plane XRD patterns of a PCPDTBT:PC71BM BHJ (1:2 by weight) film 
prepared from (a) CB/DIO and (b) CB/ODT solutions 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Figure 4.20  Raman spectra of (a) PC71BM crystalline powders, (b) a PCPDTBT:PC71BM BHJ 
(1:2 by weight) film prepared with a CF solution, and (c) BHJ film after CS2 vapor annealing and 
(d) after THF vapor annealing 
Reproduced with permission from Macromolecules, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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Table 4.1   
Obtained parameters of Raman bands for the least-squares fitting 
As-prepared  CS2 vapor annealed  
Assignments a) 
𝜈𝜈� / cm−1 Δ𝜈𝜈� / cm−1 G / % I 𝜈𝜈� / cm−1 Δ𝜈𝜈� / cm−1 G / % I 
1269 10.0 47.2 0.431 1269 11.0 48.9 0.212 C, A 
1325 46.6 56.5 0.858 1329 47.4 100 0.418 C, A 
1344b) 14.9 57.1 1 1344b) 14.9 57.1 1 C 
1352 18.0 34.9 2.21 1354 17.0 11.7 0.613 A 
1392 27.4 43.4 0.671 1392 26.0 64.5 0.336 C, A 
1423 23.0 79.2 0.983 1425 23.3 93.2 0.401 C, A 
a) C and A refer to the crystalline and amorphous regions, respectively. 
b) The peak wavenumber of this band was fixed at 1344 cm−1 for the least-squares fitting. 
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Table 4.2   
Crystalline fractions (ΧC) and crystallite sizes (L) of PCPDTBT films 
 IA/IC ΧC Corrected Δ2θ / ° L / nm 
Solvents for spin-coating     
  CF solution 2.21 0.30 — — 
  CB solution 2.26 0.30 — — 
SVA     
  CS2 0.61 0.61 0.17 47 
  THF 1.43 0.40 0.54 15 
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Table 4.3   
Fitted parameters of the Raman bands of a PC71BM crystalline powders 
𝜈𝜈� / cm−1 Δ𝜈𝜈� / cm−1 Gaussian / % Relative intensity 
1231 8.6 51 1 
1261 6.2 100 0.19 
1337 8.9 100 0.67 
1372 12.1 100 0.24 
1430 9.7 100 0.56 
1448 17.4 100 0.19 
1469 7.8 81 0.29 
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Table 4.5   
Crystalline fractions (ΧC) and crystallite sizes (L) of PCPDTBT in PCPDTBT:PC71BM BHJ films 
 
 IA/IC ΧC Corrected Δ2θ / ° L / nm 
Solvent for spin-coating     
CB solution 3.80 0.20 NL — 
CF solution 3.50 0.21 NL — 
SVA     
CS2 1.34 0.42 0.48 17 
THF 0.895 0.52 0.53 15 
Diethyl ether 2.38 0.29 NL — 
Acetone 4.72 0.17 NL — 
n-Hexane 3.58 0.21 NL — 
Isopropyl-alcohol 3.53 0.21 NL — 
Cyclohexane 3.26 0.23 NL — 
With a solvent additive     
CB/DIO solution 1.72 0.36 0.59 14 
CB/ODT solution 1.71 0.36 0.52 15 
NL means no lines 
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Table 4.5 
Parameters of SVA solvents 
 Solubility / mg/mL Vapor pressure at 20 °C / kPac) 
PCPDTBT PC71BM 
CS2 >20 142b) 48 
THF >20a) 3.5b) 18.9 
Diethyl ether >20 1–2.5 56.3 
Acetone <2.5a) <0.5b) 24 
n-Hexane <2.5a) <0.5b) 16 
Isopropyl-alcohol <2.5a) <0.5b) 4.3 
Cyclohexane >20 <1.0 10.4 
a) Data reported in Ref. 28 
b) Data reported in Ref. 29 
c) Data reported in Ref. 30 
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Chapter 5   Conclusions and Prospects 
 
 The final goal of this thesis is to show the effectiveness of Raman spectroscopy in the 
analysis on solid structures of OSCs.  To achieve this goal, I studied the solid structure of 
pentacene:C60, pentacene-d14:C60, and PCPDTBT:PC71BM BHJ films by Raman spectroscopy.  
Pentacene, pentacene-d14, and C60 have simple chemical structures.  Thus, the studies of 
pentacene:C60 and pentacene-d14:C60 BHJ films are suitable to models for analysis.  Because 
PCPDTBT:PC71BM BHJ OSCs have high PCE, the studies on solid structure of this type of BHJ 
films are important for further improvement and commercialization of OSCs.  The brief 
conclusions of each chapter are described below.  
In Chapter 2, the solid structure of pentacene:C60 BHJ films prepared using the co-
evaporation method was analyzed by Raman spectroscopy.  Studies on the widths and peak 
wavenumbers of Raman bands demonstrated that pentacene is crystalline and C60 is amorphous 
in the BHJ film.  I also analyzed the molecular orientation of pentacene using the R value, and 
found that pentacene takes standing orientation in a BHJ film.  In addition, the band observed 
only in the Raman spectra of a BHJ film was analyzed.  These bands originate from the 
activation of silent modes and the shift or splitting of Hg bands.  This result indicates that the 
complexes at between pentacene and C60 are formed at the interfaces.  These results show that 
the crystalline pentacene and amorphous C60 formed molecular-level contacts.  This represents 
a suitable structure for improving PCE if the optimal phase separation is formed.   
In Chapter 3, I described a study on the influence of the pentacene deuteration on device 
characteristics of pentacene/C60 planar OSCs and the solid structure of a pentacene-d14:C60 BHJ 
film by Raman spectroscopy.  Although the zero-point energy and the solid structure of 
pentacene were changed due to deuteration, the influence on a performance of the OSC was not 
significant.  It was revealed that deuteration is not an effective method for improving device 
performance for pentacene/C60 OSC.  The Raman spectrum of pentacene-d14 was assigned from 
the calculation result based on the DFT calculation method.  253-, 453-, and 511-cm−1 bands 
were also observed in the pentacene-d14:C60 BHJ film.  From this result, it was confirmed that 
these bands originate from the activation of a silent mode and the degenerate Hg mode of C60.  
Chapters 2 and 3 show that Raman spectroscopy provides the valuable information about solid 
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structure of BHJ films formed by co-deposition methods. 
In Chapter 4, I described the analysis of the solid structure of BHJ films of PCPDTBT, 
a low-bandgap polymer, and PC71BM using Raman spectroscopy and XRD.  I focused on the 
effect of SVA on the solid structures of BHJ films.  Comparing the 532-nm excited Raman 
spectra of the PCPDTBT film before and after CS2 SVA, the shape of the band around 1345 cm−1 
changed; it turned out that this band depended on the crystalline/amorphous state.  The band was 
decomposed into a crystalline band at 1344 cm−1 and an amorphous band at 1352 cm−1.  The 
crystalline fraction, XC, was expressed as a function of the intensity ratio of these bands, IA/IC.  
XC of the BHJ films can be quantified using this equation.  THF and CS2 vapor annealing 
dramatically increased the XC values.  The highest XC value (0.52) was found in a BHJ film 
annealed by THF vapor.  The crystallite sizes were estimated from the width of the XRD peak 
of PCPDTBT to be 15 and 17 nm for BHJ films treated THF and CS2 vapors, respectively.  In 
addition, the XRD results showed that nano-crystallites of PC71BM are formed only by THF vapor 
annealing.  From the above results, it was clarified that the solid structure of the BHJ film with 
low-bandgap polymers can be analyzed in detail using a combination of XRD and Raman 
spectroscopy. 
The studies described in this thesis have shown that Raman spectroscopy is an effective 
tool for the analysis of the solid structure of BHJ films used for OSCs.  Unlike XRD, Raman 
spectroscopy can be used for the analysis of materials in an amorphous state, such as C60 in BHJ 
films and low-bandgap polymer in BHJ films.  Moreover, it is possible to analyze quantitatively 
molecular orientation by using the R value, as shown in Chapter 2.  Crystalline fractions are also 
determined by the band decomposition, as shown in Chapter 4.  These analysis methods are 
useful for determining the correlation between the solid structure and the performance of OSCs.  
Thus, Raman studies will probably play an important role in future research.  However, it was 
also found that there are many types of structural information that cannot be analyzed using 
Raman spectroscopy alone; these include the crystallinity of PC71BM, which is not reflected in 
the band width of 1567 cm−1 band, and crystallite size, as shown in Chapter 4.  It should also be 
noted that the combination of Raman spectroscopy with other analysis methods, such as XRD, is 
essential for analyzing solid structures in detail.  The combination of Raman spectroscopy and 
other analysis methods will provide deeper understandings of the correlation between the solid 
118 
 
 
 
structure and performance of OSCs.  Thus, it will likely be useful for research on the discovery 
of new materials for OSCs and the establishment of new process methods.  Further Raman 
studies will lead to the additional improvement of OSC performance and commercialization of 
OSCs.
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